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Ré sumé

I

Ré sumé

Cette thè se porte sur les spectres de rotation du cyanure de normal-propyle (n-PrCN) dans des é tats vibrationnels excité s et les applications à la radioastronomie. Le n-PrCN est l'une des molé cules organiques les plus complexes, dé tecté es dans le milieu interstellaire. Au cours de la premiè re anné e de ma thè se les spectres des quatre é tats vibrationnels les plus bas de n-PrCN (pour les deux conformè res anti et gauche : a-n-PrCN et g-n-PrCN) ont é té identifié s dans un relevé spectral en direction de Sagittarius B2(N) ré alisé pré cé demment entre 84,1 et 114,4 GHz avec l'interfé romè tre Atacama Large Millimeter/submillimeter Array (ALMA). Cette dé couverte faisait suite à des mesures et à des analyses de laboratoire entre 36 et 127 GHz. Par la suite, nous avons travaillé dans des gammes de fré quences plus é levé es, entre 171 -251 et 310 -566 GHz. La recherche sur des molé cules organiques complexes contribue à la compré hension des conditions physiques et des processus chimiques dans les ré gions de formation d'é toiles. De plus, PrCN est le cyanure d'alkyle portant l'azote, le plus complexe identifié à ce jour, et cette complexité peut nous fournir des indices sur le lien potentiel entre les molé cules cré é es dans les ré gions de formation d'é toiles et la formation de molé cules pré biotiques. ALMA avec une sensibilité et une ré solution spatiale sans pré cé dent, ainsi qu'une bonne ré solution spectrale, est une motivation pour notre recherche. L'inclusion d'é tats de vibration dans la modé lisation interstellaire permet d'exclure les raies de molé cules connues lors de la recherche de nouvelles espè ces. Les informations sur les é tats vibrationnels doivent ê tre prises en compte dans la fonction de partition. Le chapitre 2 explique la signification astrophysique de ce travail de thè se. Le chapitre 3 ré sume la thé orie pertinente de la spectroscopie moléculaire, y compris les paramètres moléculaires utilisés pour s'ajuster aux lignes de rotation, le traitement des toupies asymé triques, la structure quadrupolaire hyperfine, la rotation interne, et le couplage des vibrations. Le chapitre 4 donne un aperç u rapide de la configuration expé rimentale utilisé e dans le groupe d'Astrophysique de Laboratoire de l'université de Cologne où les mesures ont é té prises. L'utilisation des programmes utilisé s pour l'ajustement (SPFIT) et la pré vision (SPCAT) des spectres est é galement abordé e. Le chapitre 5 détaille les améliorations des paramètres moléculaires de l'état fondamental de n-PrCN, utilisées par la suite comme base pour l'analyse des états vibrationnels. Ce chapitre fournit é galement des dé tails plus spé cifiques sur la procé dure d'analyse. 3145 nouvelles raies (1284 pour l'anti et 1861 pour la gauche) ont é té ajouté es aux mesures pré cé dentes limité es à 300 GHz. Quatre nouveaux paramè tres ont é té ajouté s pour chaque conformè re et les incertitudes sur les autres ont é té ré duites. Le chapitre 6 dé taille les travaux sur les é tats vibrationnels. L'analyse é tendue comprend v30 = 1 (935 nouvelles raies), v30 = 2 (646 raies), v18 = 1 (543 raies), v29 = 1 (393 raies) du conformè re anti et v30 = 1 (1524 raies), v30 = 2 (1150 raies), v28 = 1 (419 raies), v29 = 1 (1177 raies) du conformè re gauche. Pour le couplage de

Ré sumé II

Coriolis et de Fermi entre v30 = 2 (𝐾 𝑎 ′′ ≥ 13) et v18 = 1 (𝐾 𝑎 ′′ ≥ 14), deux paramè tres de couplage supplé mentaires 𝐹 𝐾 et 𝐺 𝐶𝐽 (en plus de ∆𝐸, 𝐹 et 𝐺 𝑐 ) ont é té dé terminé s. Au cours de l'analyse, nous avons identifié de nouvelles transitions dé doublé es par rotation interne. Nous avons publié les premiè res mesures et paramè tres molé culaires pour l'é tat de combinaison v18 = v30 = 1 pour a-n-PrCN et v29 = v30 = 1 pour g-n-PrCN, tous deux trouvé s en utilisant nos paramè tres pour les é tats vibrationnels individuels. Enfin, 492 nouvelles raies de v18 = v30 = 1, a-n-PrCN et 1029 de v29 = v30 = 1, g-n-PrCN ont é té identifié es. Des transitions dans ces é tats et d'autres é tats vibrationnels plus é levé s, pourraient ê tre observé es dans des nouveaux relevé s spectraux à ré aliser, par exemple, par ALMA à partir du cycle 6 (commencé en octobre 2018) ou par d'autres interfé romè tres sensibles. La fiabilité des pré visions pour chaque conformè re et é tat vibrationnel a é té examiné e dans la section approprié e. Une liste supplé mentaire de 740 raies montrant un couplage potentiel, mais non encore identifié , a é té fournie pour l'identification astrophysique. Les nouvelles donné es et analyses fournissent des pré visions amé lioré es ou nouvelles pour des raies couvrant toute la ré gion de fonctionnement des radioté lescopes. Elles seront utiles, par exemple, pour la recherche des é tats excité s de vibration de n-PrCN dans d'autres ré gions de formation stellaire (comme Orion KL). I want to thank Pr. Adam Walters. His kindly help not only in academic instructions but also daily life makes my stay in France easy and happy. Adam's cautious attitude to research and lively mind to discussion is really impressive, which infects me much. Also, his family is always full of love.

IV sensibilité augmente. Cela permet de dé tecter les espèces à plus faible concentration. Nous discuterons plus tard d'une application de nos premiers ré sultats spectroscopiques à l'aide d'un grand relevé spectral mesuré pré cé demment par Belloche et al (2016) et intitulé Exploring Molecular Complexity with ALMA (EMoCA). EMoCA a é té pris vers le Sagittaire B2(N) entre 84,1 et 114,4 GHz avec ALMA dans ses cycles 0 et 1 et avec une ré solution angulaire d'environ 1,6 ''. Par rapport au té lescope à antenne unique l'IRAM 30 m, utilisé auparavant pour un relevé similaire, la ré solution angulaire et la sensibilité ont é té amé lioré es de plus d'un ordre de grandeur. Le fonctionnement d'ALMA motive é galement les é tudes spectrales de molé cules dé jà identifié es dans l'espace mais né cessitant une caracté risation plus poussé e à des fré quences plus é levé es et par exemple dans des é tats excité s de vibration. Les raies molé culaires mesuré es en laboratoire et les paramè tres molé culaires qu'on en dé termine sont rassemblé s dans des bases de donné es aprè s des é tudes approfondies pour ê tre ensuite utilisé s dans la construction de modèles moléculaires de différents objets dans l'espace. Le CDMS (base de données de Cologne pour la spectroscopie molé culaire, http://www.astro.uni-koeln.de/cdms/) et la base de donné es de spectroscopie molé culaire du JPL (https://spec.jpl.nasa.gov/) sont les deux bases de donné es les plus utilisé es en radioastronomie. La mise à jour des informations molé culaires ré pertorié es permet de faire des pré visions dans une large gamme de fré quences et donc supprimer les raies des molé cules connues dans les grands relevé s astrophysiques pour ré vé ler les raies des espèces non encore identifiées. Les molécules dans l'espace comprennent non seulement des espèces que l'on trouve facilement sur la Terre, mais aussi, par exemple, des isotopologues, des espè ces ré actives ou des molé cules difficiles à synthé tiser en laboratoire.

Cette recherche est mené e dans un tel contexte et est motivé e par une contribution à la construction de modè les astrophysiques complets des ré gions de formation d'é toiles, avec une estimation plus pré cise de la densité de colonne de la molé cule observé e. En particulier, il vise à contribuer à la compré hension des processus physiques et chimiques conduisant à l'augmentation de la complexité molé culaire dans les ré gions de formation des é toiles et des planè tes. Et mê me nous fournit des indices sur le lien potentiel entre les molé cules cré é es dans les ré gions de formation d'é toiles et la formation de molé cules pré biotiques.

Dans cette thè se, les molé cules organiques dans l'espace seront abordé es en premier dans le chapitre 2. Les molé cules complexes se trouvent principalement dans les ré gions de formation d'é toiles et nous expliquerons la thé orie que ces molé cules pourraient ulté rieurement faire partie de l'hé ritage chimique des planè tes conduisant à la synthè se de molé cules pré biotiques et finalement à la vie. Aprè s cela, l'observation des molé cules interstellaires sera discuté e. Dans ce chapitre, je donnerai aussi quelques informations sur les radioté lescopes les plus avancé s construits ces derniè res anné es, qui nous incitent à travailler d'avantage sur les spectres des molé culaires interstellaires. À la toute fin du chapitre, je parlerai de la recherche spectroscopique sur les é tats vibrationnels molé culaires et des raisons pour lesquelles ces é tats excité s de vibration sont inté ressants pour les astrophysiciens. Les é tats vibrationnels excité s de n-PrCN ont d'abord é té identifié s dans l'espace à l'aide de nos mesures et analyses à basse fré quence (Müller et al. 2016b). Dans le chapitre 3, je traiterai briè vement la thé orie quantique de la spectroscopie molé culaire, qui constitue la base thé orique de notre recherche. Dans ce chapitre, j'expliquerai pourquoi nous pouvons considé rer les niveaux d'é nergie de rotation dans une certaine mesure comme indé pendants des é tats de vibration, puis je pré senterai le modè le physique quantique des rotors asymé triques tels que le n-PrCN. J'aborderai ensuite certains V aspects plus dé taillé s de la physique quantique (structure hyperfine, couplages vibrationnels et rotation interne) lié s à mes recherches. Dans le chapitre 4, les dé tails expé rimentaux utilisé s dans les mesures seront pré senté s. Ensuite, je dé crirai les programmes utilisé s pour attribuer les raies spectrales, dé terminer les paramè tres spectraux, et faire des pré visions. L'ajustement des raies de n-PrCN pour améliorer les paramètres moléculaires de l'état de vibration fondamentale sera expliqué au chapitre 5 ainsi que le processus d'identification des raies et l'itération des pré visions. Au dé but du chapitre 6, je ré sumerai les travaux de laboratoire sur les quatre é tats de vibration les plus bas de chaque conformè re de n-PrCN jusqu'à 127 GHz, auxquels j'ai participé au cours de la premiè re anné e de mon travail de thè se. Ce travail a conduit à la détection astronomique des états de vibration pour la première fois. J'expliquerai par la suite les identifications et ajustements ulté rieurs de ces é tats de vibration à des fré quences plus élevées allant jusqu'à 506 GHz, puis deux autres é tats de combinaison plus é levé s, v29 = v30 = 1 pour le gauche et v18 = v30 = 1 pour le conformè re anti dont nous avons publié les premiè res analyses. À la fin du manuscrit, la conclusion et les perspectives sont ré digé es sous forme de ré sumé succinct.ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss L'analyse a été effectuée à l'Institut de Recherche en Astrophysique et en Planétologie (IRAP) à Toulouse, en France, et les mesures ont é té effectué es au I. Physikalisches Institut de l'Université de Cologne, en Allemagne. Thanks to the construction of the impressive Atacama Large Millimeter/submillimeter Array (ALMA), the detection of spectra in the millimeter and submillimeter regions has been largely enhanced. Firstly ALMA has a very high spatial resolution, which reduces beam dilution and spectral congestion. Secondly, the increased total surface area of the combined antennas increases sensitivity. This allows the detection of species in lower concentration. We will a, b, c,

discuss later an application of our first spectroscopic results using a spectral line survey measured previously by Belloche et al (2016) and called Exploring Molecular Complexity with ALMA (EMoCA). EMoCA was taken toward Sagittarius B2(N) between 84.1 and 114.4 GHz with ALMA in its Cycles 0 and 1 with an angular resolution of around 1.6''. Compared with the IRAM 30-m single dish telescope, which was previously used for a similar line survey, both angular resolution and sensitivity were improved by more than one order of magnitude. The operation of ALMA also motivates the spectral studies of molecules, which have already been identified in space but need further characterization at higher frequencies and for example in vibrationally excited states. The molecular lines measured in the laboratory and the resulting determined molecular parameters are collected in databases after careful studies so as to be subsequently used to construct molecular models of different objects in space. Two of the most used databases in radio-astronomy are CDMS (The Cologne Database for Molecular Spectroscopy, http://www.astro.uni-koeln.de/cdms/) and the Molecular Spectroscopy Database of JPL (https://spec.jpl.nasa.gov/). The updated molecular information allows predictions to be made in a large frequency range and hence to remove lines of known molecules in astrophysical spectral surveys to reveal unidentified lines. The molecules in space not only consist of common species easily found on the Earth but also for example of isotopologues, reactive species, or those hard to synthesize in laboratory conditions.

This research is carried out in such a background, and motivated by making a contribution to construct comprehensive astrophysical models of star forming regions, better estimating the column density of the molecule observed. In particular it is aimed to contribute to the comprehension of physical and chemical processes leading to the build-up of molecular complexity in star and planet forming regions. And even provides us clues of the potential link between molecules created in star forming regions and the formation of prebiotic molecules.

In this thesis, organic molecules in space will be discussed first in chapter 2. Complex interstellar molecules are principally found in regions of star formation and we will explain evidence that these molecules might subsequently be part of the chemical heritage of planets that leads to the synthesis of prebiotic molecules and ultimately life. After this, the observation of these molecules will be discussed. In this chapter, I will also give information about some of the most advanced radio telescopes constructed in recent years, which inspire us to carry out further work on the interstellar molecular spectra. At the very end of the chapter, I will talk about the spectroscopic research on molecular vibrational states and why these vibrationally excited states are interesting to astrophysicists. The vibrationally excited states of n-PrCN were first identified in space using our lower frequency measurements and analysis (Müller et al. 2016b). In Chapter 3, I will discuss briefly the quantum theory of molecular spectroscopy, which forms the theoretical basis of the research. In this chapter, I will explain why we can consider the rotational energy levels to some extent independent on vibrational states, and then I will give an introduction to the quantum physical model of asymmetric rotors such as n-PrCN.

Afterwards some more detailed aspects of quantum physics (hyperfine splitting, hindered internal rotation and vibrational coupling) related to my research will be explained. In chapter 4, the experimental details used in the measurements will be presented. Then I will describe the programs used to identify and fit spectral lines and make predictions. Afterwards, the fitting of n-PrCN in the ground vibrational state will be discussed in chapter 5 to explain how the assignment and prediction process starts and proceeds. The improvement in the molecular parameters will also be detailed. At the beginning of chapter 6 I will summarise laboratory work on the four lowest-lying vibrational states of each conformer of n-PrCN up to 127 GHz, in which I participated during the first year of my thesis work. This work led to the astronomical detection of the vibrational states for the first time. I will subsequently explain the further assignments and fits of these vibrational states at higher frequencies up to 506 GHz and then two additional higher combination states, v29 = v30 = 1 for the gauche and v18 = v30 = 1 for the anti conformer for which we are the first to publish an analysis. At the very end of the thesis, the conclusions and outlook will be written as a short summary.

The analysis was carried out at the Institut de Recherche en Astrophysique et Plané tologie (IRAP), Toulouse, France and the measurements were made at the I. Physikalisches Institut, University of Cologne, Germany.

Chapter 2 Organic molecules in space

What's between stars, is there just a vacuum? Since quite long ago, people have been asking this question. At the end of the 18 th century, the British astrophysicist William Herschel noticed the diffuse nebula between stars, and believed the dark "holes" and "cracks" in the Galaxy were the faint or very faint nebula which block visible light from stars (Xiang 2008, chap. 5;Herschel 1864). But this idea wasn't widely accepted until the 1930s by the observation and analysis of molecular absorption spectra from space. These nebula are mainly the assemblies of interstellar gas with a density of more than 10 atoms (or ions, molecules) per cubic centimeter. Other than the interstellar gas, astrophysicists have also shown the presence of tiny solid dust particles between the stars. The gas and dust make up the interstellar medium (ISM), or in a simpler way, the ISM is the matter between the stars. The mass of the ISM accounts for nearly 10% of the total visible matter in the Galaxy, the density of the ISM can be 10 -20 -10 -25 g/cm 3 . On average, the density is 10 -24 g/cm 3 , equivalent to only 1 hydrogen atom per cubic centimeter, a much better vacuum than any that can be created in a laboratory on the Earth, whose value is about 32000 atoms per cubic centimeter. Nevertheless, the ISM plays a central role in the evolution of the Galaxy because it is made up of atoms created by nucleosynthesis in the previous generations of stars and also serves as the birthplace of future generations of stars in dense ISM regions (Tielens 2005, chap. 1). During the evolution of the Galaxy, chemical and physical processes can generate a suite of fundamental organic (i.e., carbon-based) molecules needed as modules for the synthesis of more complex organic matter allowing for an organization into "life" (Rehder 2011, chap. 7).

Interstellar medium and star formation

As stated above, the ISM can be characterized as interstellar gas and solid interstellar particles (called interstellar dust). If we take a more general definition, energy fields such as cosmic rays, the interstellar magnetic field and starlight, with a typical energy density of about 0.5 eV/cm 3 could be incorporated as well, however they are not our main consideration here.

The gas and dust is visibly present as different objects of the ISM, for example: HII regions, reflection nebulae, dark clouds and supernova remnants. From the physical properties, the gas in the ISM is organized in different phases, which vary largely in density and temperature (as summarized in Table 2.1). Molecular gas appears in molecular clouds which are the densest parts of the ISM and surrounded by less dense envelopes of atomic gas. In the Milky Way, molecular clouds are mostly in the galactic plane, especially in galactic spiral arms, where numerous young stars can be found. The interstellar dust has a size distribution of roughly a power law, with an exponent of -3.5 (Tielens 2005, chap. 1). It plays an important role in astronomy, especially observational astronomy because of its emission spectrum providing an indicator of physical conditions and its radiated power bearing witness to populations of obscured stars of which we might otherwise be unaware (Draine 2011, chap. 21).

Table 2-1. Characteristics of the phases of gas in the ISM [START_REF] Tielens | The physics and chemistry of the interstellar medium[END_REF], chap. 1).

Interstellar gas

In the Milky Way, the mass of ISM is found to be 99% in gas phase and 1% in dust, a ratio often referred as gas-to-dust ratio. The interstellar gas is composed principally of hydrogen and helium which can be divided into neutral atomic gas, ionized gas, molecular gas (including radicals) and coronal gas.

The atomic gas appears in two phases in thermal equilibrium: cold (~ 80 K) and dense (~ 50 cm -3 ) known as "Cold Neutral Medium, CNM" or warm (~ 8000 K) and diffuse (~ 0.5 cm -3 ) known as "Warm Neutral Medium, WNM", proposed by (Field et al. 1969). The CNM could be also called HI regions, as hydrogen atoms in their ground state take the greatest majority. Astrophysicists use the 21 cm emission lines to observe hydrogen atoms from HI regions, through which the distribution of these regions can be mapped. 21 cm emission lines are transitions within the hyperfine structure of hydrogen atoms which are mainly caused by atomic collisions. The transition can hardly be observed because of too low transition probability on the Earth; however, large amounts of hydrogen atoms in these regions in space make the sum of this forbidden line non-negligible and also the dust is transparent to such a wavelength, hence the transition radiation is observable.

The ionized gas mainly gathers as two components in the Milky Way and other disk galaxies: HII regions and "Warm Ionized Medium, WIM". The profiles of Hα emission of Balmer series (a specific line with a wavelength of 656.28 nm in air, occurring when a hydrogen electron falls from its third to second lowest energy level) distinguish the two components (detailed information, can for example refer to Madsen et al. 2006). Compared with HI regions, HII regions are closer to the central hot stars, with more energy for the ionization. HII regions have a temperature of about 10 4 K, and the densities range from 10 3 -10 4 cm -3 for compact ones such as the Orion Nebula to ~ 10 cm -3 for more diffuse and extended nebulae such as the North America Nebula. HII regions are formed by young massive stars which emit copious amounts of photons beyond the Lyman limit (hν > 13.6 eV) ionize and heat their surrounding, nascent molecular clouds. Therefore, HII regions are signposts of sites of massive star formation in the Galaxy. The WIM is a diffuse (~ 0.1 cm -3 ), warm (~ 8000 K) component containing almost all the mass of the ionized gas. The source of ionization is not entirely clear; for the observations and models of the WIM readers can refer to for example the review (Haffner et al. 2009). Additionally, photo-ionized gas is also found in distinctive structures called planetary nebulae.

When the central star experiences mass loss during its late stages of evolution, the radiation from this exposed core photo-ionizes the outflowing gas, exciting atoms besides hydrogen that can then emit radiation which contribute to colorful and magnificent views of the universe.

( McKee and Ostriker. 1977) extended the two-phase model (CNM and WNM) to a three-phase model by considering the contribution of stellar winds from early type stars or supernova explosions, the energy of which maintains a hot (~ 10 6 K) and rarefied (~ 10 -3 cm -3 ) medium known as "Hot Intercloud Medium, HIM". The hot gas can be traced through UV absorption lines and continuum or line radiation in the extreme ultraviolet and X-ray wavelength regions.

The high-energy gas may have been vented by super bubbles created by the central star into the halo in the form of a galactic fountain, therefore, the gas is called "coronal gas".

The CO 2.6 mm emission is commonly used as a tracer of molecular gas in the Galaxy, however H2 is thought to be the dominant molecular species, with a H2/CO ratio of 10 4 -10 5 in mass. Much of the molecular gas in the Milky Way is localized in discrete Giant Molecular Clouds (GMCS), mixtures of numerous dust and gas particles with a mass of approximately 10 3 to 10 7 times the mass of the Sun. The temperature of GMCS is as low as about 10 K, in a diameter of 15 to 600 light-years. We have already identified thousands of GMCS in the Milky Way, and most of them are located in the spiral arms. Molecular clouds are characterized by high turbulent pressures as indicated by the large linewidths of emission lines. Molecular clouds are selfgravitating rather than in pressure equilibrium with other phases in the ISM. While they are stable over time scales of about 10 7 years, presumably because of a balance of thermal pressure, magnetic field, turbulence and gravity, molecular clouds are the sites of active star formation. Observation of molecular clouds through the rotational transitions of a variety of species allow a detailed study of their physical and chemical properties. Presently, some 200 different molecular species have been detected, mainly through their rotational transitions in the millimeter/submillimeter wavelength regions. Normal-propyl cyanide, is one of the largest molecules among these species, and our research is carried out under such a background.

Interstellar dust

The total mass of interstellar dust makes up only a small percentage of the whole ISM (~ 1%). Generally, interstellar dust has a broad size distribution, extending through some 0.01 -0.2 μm (Draine 2011, chap. 21) and comprises 20 -100 atoms. The composition can be classified as: 1. Solid-state H2O, CH4, NH3 for example; 2. minerals such as SiO2, Fe2O3 and FeS; 3. small graphite grains. Larger particles may have particular structures: their cores may consist of silicide or carbide, surrounded by layers of mantles.

Interstellar dust has very significant effects on optical observations including interstellar extinction and reddening. Extinction, or wavelength-dependent attenuation, comes from the dust's absorption and scattering of starlight, so that the stars look darker. According to the Rayleigh scattering law, light with a longer wavelength has a smaller scattering and absorption cross section than shorter wavelengths, so red light can transmit more. Interstellar dust is very significant in the formation and conservation of molecules: it provides an appropriate site for their formation and plays a role of catalyst to accelerate reactions. Dust extinction prevents stellar radiation from penetrating dense clouds so that molecules are protected against photodissociation and are enriched in the dense clouds [START_REF] Elmegreen | Protostars and Planets II[END_REF][START_REF] Elmegreen | Protostars and Planets III[END_REF]. Besides the chemical functions, dust also plays many critical roles physically in galactic evolution, as it adjusts temperature of surrounding gas, communicates radiation pressure from starlight to the gas and couples magnetic field to the gas in regions of low fractional ionization.

It should be noted that, there exists a population of large molecules in the ISM. Broad infrared emission at mid-IR wavelengths is attributed to the presence of polycyclic aromatic hydrocarbons (PAH). Besides PAH, different large molecules with 10 -50 carbon atoms are proved by prominent absorption features in visible spectra and seem to represent the extension of the interstellar gain size distribution into the molecular domain.

Concerning the evolution of interstellar dust, there is no universal dust model that can be applied to a galaxy as a whole, or to galaxies with different evolutionary histories. However, several well-distinguished populations can be listed as stellar outflow dust, dust in the diffuse ISM, dust in dense cool clouds and circumstellar dust around young stellar objects. These different populations provide special environments for the formation and/or decisively modification of interstellar dust. Several detailed aspects can be found in the review (Dorschner & Henning 1995), however, the interstellar dust here is not limited to those only in diffuse ISM.

Star formation and interstellar molecules

Most of the star formation in galaxies occurs in dense interstellar gas at spiral arms, which are marked primarily by their concentrations of luminous young stars and associated glowing clouds of ionized gas. Stars also form near the centers of some galaxies, but this center-area star formation is often obscured by interstellar dust and its existence is inferred only from the infrared radiation emitted by dust heated by the embedded young stars. The gas from which stars form, whether in spiral arms or in galactic nuclei, is concentrated in massive and dense molecular clouds. The internal structure and also the irregular boundaries of molecular clouds favor fractal models resembling these surfaces supported in turbulent flows, and this suggests that the shapes of molecular clouds may be created by turbulence.

When we say star formation, a traditional classifications should be followed: low-mass star formation and high-mass star formation. The distinction between the two is whether the time taken in the formation is respectively smaller than or larger than the star's future life. Many stars are smaller than 8 solar masses, and can be broadly classified as low-mass. Low-mass stars form from the collapse of prestellar cores, which are denser, gravitationally bound gas globules in the molecular clouds. These cores typically have a density of 10 4 -10 5 cm -3 (around 10 5 times the average density of the entire GMC), and a temperature as low as 10 K. The thermal coupling effect by interstellar dust, because of its strongly temperature-dependent thermal emission, maintains its low temperature over a quite wide range of densities. The lowtemperature and high-density make the thermal pressure of the cores small. Therefore selfgravity, which is the gravitational force allowing a body or a group of bodies to be held together, dominates over the thermal pressure by a large factor. However the thermal pressure is not the only force opposing gravity, there is a widely held view that additional effects such as turbulence or magnetic fields support these clouds in near-equilibrium against gravity and prevent a rapid collapse and the collapse of prestellar cores in this view is a dynamic process rather than a quasi-static fashion. For high-mass stars, it is not clear whether the prestellar stage exists or not: their formation from either prestellar mergers or accretion were explored and contrasted in (Bally & Zinnecker, 2005); the high-mass analogs of prestellar dense cores were not discovered toward Cygnus X supporting a short statistical prestellar lifetime (Motte et al. 2007)).

Very few GMCs are known that are not forming stars, and the most massive and dense ones all contain newly formed stars. Therefore, the lifetime of a molecular cloud can be estimated by the age span of the associated young stars and clusters, which is never more than 10 7 years, a timescale of a stable GMC. On the other hand, stars and clusters older than 10 7 years no longer have any associated molecular gas. In this way, molecular clouds can be considered "shortlived" (on the scale of the universe) and are soon destroyed or become no longer recognizable. The chemistry of molecules in the clouds also suggests the short life time of the latter, since the observed abundances of various molecules are far from chemical equilibrium in the cloud-evolution stage (van Dishoeck & Blake 1998;Brünken et al. 2014). The fragmentation of molecular clouds to form denser clumps and cloud cores could be regarded as the starting line for star formation. The process leading to a hierarchy of clumps of various size may be caused by density fluctuations in molecular clouds that are amplified by their self-gravity and supersonic turbulent motions that compress the gas in shocks.

Then the collapse of prestellar cloud cores occurs. The collapse is not fully understood, however, two kinds of models have been widely studied to illustrate how the collapse of a spherical cloud core might be initiated. One possibility is a continuation on the fragmentation model of selfgravity that the collapse begins with an unstable or marginally stable clump of gas in which gravity prevails the thermal pressure and causes a collapse. The second model is based on the assumption that prestellar cores are initially magnetically supported and condense gradually by ambipolar diffusion, whereby the gas contracts slowly across the field lines. No matter which model or their combined effects, a major consensus is that only a very small fraction of the mass of a collapsing cloud core first attains densities high enough to form a star, while most of the mass remains behind in an extended infalling envelope. Most star-forming cloud cores are observed to be rotating, arising from the turbulence in molecular clouds. Therefore rotation plays an important role as angular momentum in the whole process should be conserved. However the observed angular momentum of prestellar cores is about three orders of magnitude more than can be contained in a single star. Thus, in most cases, collapse with rotation probably results in the formation of a binary or multiple system of stars whose orbital motions can account for much of the initial angular momentum. During the collapse, the thermal pressure counters gravity to control the development of the very central denser region. The evolution of thermal pressure continues until the central region possesses optical depth large enough, opaque in another word, to weaken the radiative cooling substantially. Therefore the prestellar core evolves from the initial isothermal phase to an adiabatic phase when the central temperature rises rapidly and pressure grows faster than gravity to retard the collapse until it is completely adiabatic. Thus an embryonic star or "protostar" forms with characteristics of the central region in the form of hydrostatic equilibrium which consists mostly of molecular hydrogen. This is the first hydrostatic core which continues to grow in mass as matter continues to fall onto it through accretion. The first hydrostatic core is pressure supported which is a transient feature. Then a second phase collapse begins and the central temperature rises above 2000 K, causing hydrogen molecules to dissociate. The dissociation leads to the decrease of the ratio of specific heats in the center, therefore, the temperature climbs sharply and the central density peak again quickly grows. The central temperature which is high enough to ionize the central hydrogen halts the rapid collapse and this gives birth to a second hydrostatic core bounded again by an accretion shock into which matter continues to fall. At first the matter falling onto the newborn core is still optically thick and the shock is therefore adiabatic, which strongly heats the outer layers of the protostar. After the material of the first hydrostatic core has been accreted, the opacity of the matter outside the second core drops rapidly and radiation begins to escape freely. This radiative energy loss stops the protostar's expanding and it subsequently maintains an almost constant radius of about 4 solar radiuses during the remainder of the accretion process. During accretion, most protostars also drive powerful jet-like bipolar outflows which may rise from the rotation and magnetic fields working on the gravitational energy of the matter accreted. Once enough mass in dynamic equilibrium, the accretion process ceases to be important.

Newly formed low-mass stars have similar radii when accretion becomes unimportant. This radius hence represents the "birthline" or the moment when the star is considered to be born. The star is then stable for a time and called a normal pre-main sequence star which has a convective envelope. This phase is also the first time they are visibly observable after emerging from their birth clouds. Then, stars get their luminosity from gravitational contraction. This is the Kelvin-Helmholz contraction, which comes from the cool surface of the early star causing unbalance between the thermal pressure and its gravity. The contraction lasts a few tens of millions of years until the star becomes hot enough at its center to start nuclear fusion reactions.

The star then becomes a long-lived main-sequence star in the Hertzsprung-Russell diagram (Larson 2003;McKee & Ostriker 2007).

The research on molecular lines has shown their importance in relation to star-formation theory. Some cases can be considered. As discussed above, supersonic turbulence may play a role in structuring molecular clouds, and therefore influence their fragmentation. Through molecular lines, "size-linewidth relations" have been proposed, such as [START_REF] Goodman | [END_REF] tested the conclusion that dense cores represent the inner scales of a molecular cloud by measurements of the emission of OH, C 18 O, 12 CO, 13 CO and NH3 after a previous publication (Barranco & Goodman 1998) in which the method was detailed. [START_REF] Myers | The Origin of Stars and Planetary Systems[END_REF] also gave examples of easily observable molecular lines to define dense cores and cores with lesser density. Some publications reported the detection of rotational transitions of some specific molecule or molecular family, with which, the age of their environments could be derived and also the duration for such a phase in star evolution. An example is (Stahler 1984), in which, the author used cyanopolyynes (HC2k + 1N, k = 0, 1, 2…) to probe the ages of four dark molecular clouds and deducted they are either in a state of hydrostatic balance or have only recently begun to collapse. (Suzuki et al. 1992) proposed the abundance ratio of CCS/NH3 as a possible indicator of cloud evolution and star formation by systematical study of the molecular rotational lines toward 49 dark cloud cores. The ratio can be reproduced quantitatively in models that start from diffuse gas and from dense cores over a period of 10 5 to 2 × 10 6 years. An important role that molecules play in star formation is the dissipation of energy by their radiation because the small energy differences between states (mainly vibrational and rotational) leads to a long wavelength, which can benefit the energy loss through clouds. This method is also applied for detection of highly obscured objects. (Giannini et al. 2001) found that the pure rotational lines of abundant molecules (CO, H2O, OH and [O I]) arise from small, warm and dense regions compressed after passage of shocks in Class 0 sources, the youngest protostars in the sequence, with dominant submillimeter continuum emission in the spectra observed. In addition, they tested the total farinfrared line cooling (luminosity) which is roughly equal to the outflow kinetic luminosity demonstrating the radiation lines a valid measure of the power deposited in the outflow. A widely used model to explain the radiative cooling of warm gas by rotational and vibrational transitions of H2O, CO and H2 is NK93 published in (Neufeld & Kaufman 1993). The authors derived the cooling rate for each molecule as function of temperature, density and an optical depth parameter. With this model, they concluded H2O rotational transitions are found to dominate in different regions with realistic astrophysical conditions. The model was updated by (Morris et al. 2009) to study the relation of cooling rate and dust grains. Finally they obtained the cooling mechanism by H2O emission in the nebular shocked region in protoplanetary disks.

In addition to the fact that the density distribution has been well modeled in prestellar cores (Bacmann et al. 2000), the observed abundances of molecules by line emission can also be used to probe physical dynamics and chemical kinetics in these regions. (Aikawa et al. 2003) found that various molecular column densities of L1544 (a prestellar core) could be consistent with those predicted for rapidly collapsing cores, but not the strongly delayed one by magnetic or other effects as we discussed in the prestellar collapsing model.

Another aspect of the research on interstellar molecules is to understand the routes that lead to their synthesis and to follow the evolution of nebulae and related celestial bodies based on the abundance of these molecules. The number of different interstellar molecules, their isotopologues and vibrational states is very large (a constantly updated list of detected molecules can be found at http://www.astro.uni-koeln.de/cdms/molecules); the environments they are located and formed in are various, and therefore, the reactions between interstellar molecules are complex. A very interesting question may be, how the first molecule formed.

When the universe cooled down to about 4000 K, electrons and nuclei began binding to form neutral hydrogen atoms, and then gave rise to the decoupling between matter and radiation. The first molecules in space were hydrogen molecules. Other surplus ions and electrons facilitated the molecular formation through two possible mechanisms as 2.1 and 2.2. It is the case in the recombination epoch but not the present situation, in which the gas phase hydrogen molecules are efficiently formed on interstellar dust and then evaporated into the space. Hydrogen molecules can efficiently dissipate energy for primordial gas through ro-vibrational lines, therefore they played important roles to form the first-generation stars (Abel et al. 2002).

𝐻 + 𝐻 + → 𝐻 2 + + 𝛾, 𝐻 2 + + 𝐻 → 𝐻 2 + 𝐻 + (2.1) 𝐻 + 𝑒 -→ 𝐻 -+ 𝛾, 𝐻 -+ 𝐻 → 𝐻 2 + 𝑒 - (2.2)

Interstellar organic molecules and possible links with the origin of life

What is the origin of life, when and how did life begin? These three fascinating questions have for a long time encouraged scientists to explore and doubt. The consideration on life's origin can be on three levels: monomers, polymers, and gene-loading. All of the three show commonality for all known life forms: monomers such as amino acids, sugars, purines, consisting of elements C, H, O, N, S, P to build large molecules, polymers such as carbohydrates, proteins and DNA. In living organisms, there are only a few kinds of polymers which are all slender threadlike strands made up of simple subunits. The process to form polymers is completed by cells, and together with all their other work and organization, is directed by genes. Summarizing some consensus achieved for the origin of life, we can list:

1.

Life appeared relatively soon after the Earth's birth: the widely accepted evidence of the earliest life on Earth is in rocks with age of about 3.45 billion years (Allwood et al 2018). Now the most widely accepted view is that our earth was formed about 4.54 billion years ago. However, the downside of the fact is that the evidence of life's beginning and the life-generating events are too rare to tell the story.

2.

Living and non-living matter are not sharply divided, or in other words, the transition to form primitive life can be from non-living matter by prebiotic chemical evolution. Laboratory work shows that all crucial monomers forming life could easily have formed in a variety of settings on the primordial Earth.

From these consensuses, we can conclude that the evolution of life and that of the Earth are intertwined. Although the dividing line between life and non-life is somewhat blurred, definitions and characteristics of life can be clearly listed as reviewed in (Oró 2002, chap. 1). Therefore the arguments about primitive life may better start in questioning what the universe can provide for the prebiotic chemical evolution on the Earth -in what complexity -while considering the condition of the proto-Earth, more frequent impacts and stronger radiation. If we constrain that all life is based on carbon, the complexity of the materials coming from space might be as elementary as precursors of organic molecules, some inorganic carbonaceous compound to middle-level monomers such as amino acids, sugars. (There has even been the suggestions that very simple living organisms could survive in space and be transferred to the Earth: panspermia or exogenesis). Hence, studies on the complexity of interstellar molecules can give important clues of chemical materials and processes to start the formation of life on Earth.

Searching for organic molecules, and exploring the limits of complexity in space is hence important to explain the source of raw materials for the origins of life. In 1930, the American astronomer R. J. Trumpler published evidence of the ISM in the Milky Way by inference from extinction by interstellar dust of starlight (Trumpler 1930). The first molecules observed in the ISM were diatomic radicals CH, CN and the positive ion CH + around the 1940s. The first detection of molecular absorption lines was reported in (Adams & Dunham 1938) toward hot background O-stars in Cygni. Then the detection of CH was identified and assigned by (Swings & Rosenfeld 1937) and CH + (Douglas & Herzberg 1941). The detection of CN in (Adams 1941) was to test the prediction in (McKeller 1941). In 1951, because of the widely scientific application of microwave and radar technology, the 21 cm spectral line was found to demonstrate the existence of neutral hydrogen atoms (Ewen & Purcell 1951). The detection triggered people's curiosity about the existence of hydroxyl because of the great abundance of the two elements in space [START_REF] Townes | [END_REF]. However the first detection failed because the source Cassiopeia A was not strong enough for the instrument used (Barrett & Lilley 1956). Then things turned around in 1963, with the more advanced spectral-line autocorrelation radiometer just successfully designed; A. H. Barrett detected two microwave absorption lines of OH (Weinreb et al. 1963). Subsequently, ammonia (Cheung et al. 1968), water (Cheung et al. 1969) and formaldehyde (Snyder et al. 1969) were found in succession. Presently, around 200 molecules have been found in space. Molecules detected are increasingly heavy in molar mass, complex in molecular structures and diverse in elemental composition. Among them, the heaviest molecules firmly detected as yet are C60 and C70; these molecules were found in 2010, demonstrating the existence of hydrogen-poor environments in space (Cami et al. 2010). Complex molecules found in the ISM include benzonitrile (McGuire 2018) with aromatic structure, iso-propyl cyanide (Belloche et al. 2014), a branched alkyl molecules and propylene oxide (McGuire et al. 20160), a chiral molecule. Much emphasis should be attached on the two latter reports because the branched structure with a nonterminal carbon in the chain is a key characteristic of amino acids and homochirality is critical for biological molecules. It is noteworthy that one possible chemical route to the synthesis of amino acids, the Strecker synthesis (Lerner et al. 1993), requires aldehydes, ammonia, and cyanides as reactants, and all these molecules are quite rich in space and considering the extreme strong radiation from the sun and UV light, the synthesis could proceed within different energy sources (Miller & Lazcano 2002, chap. 3).

Search for amino acids in the ISM has for a long time been the center of astrobiological interests. Although the existence of amino acids, even the simplest one, glycine has not been conclusively proven in the ISM. Possible explanations are low abundance and the large partition functions that weaken the intensity of individual lines. However, the research on meteorites and chondrites provides some information (Ehrenfreund et al. 2001;[START_REF] Elsila | [END_REF]). Taking the well-researched Murchison meteorite as example, scientists have already found more than 70 kinds of amino acids in it (Bernstein et al. 2002). In 2008, nucleobases were found, and tests of carbon isotope ratios showed their non-terrestrial origin (Martins et al. 2008). Therefore, what degree in complexity of organic molecules our universe can provide, how these molecules came into the proto-Earth, if any, what significant reactions caused the qualitative changes after the arrival of organic molecules to form primitive life, and why we have not yet found any clues for the existence of extraterrestrial life are great puzzles that still need to be solved.

Observation of interstellar molecules by telescopes

As described above, one of the tasks in astrochemistry is to explore the variety of molecules that exist in the interstellar medium, moreover interstellar molecules can be used as "probes" to provide us with information of the physical and chemical conditions, including for examples, temperature, column density, velocity of turbulence, and chemical clocks of their locations (see section 2.1.3). Therefore, searching through telescopes and fitting spectra to known molecules is highly useful but really hard work needing lots of experience and patience. The spectra we receive and analyze from cold and "warm" space (about 10 K for interstellar molecular clouds up to around 150 K for hot cores) most often involve molecular rotational transitions in emission. First of all, the molecule is excited to a higher rotational state, either by collision with other molecules (principally hydrogen) or by absorption of another photon. Then it returns to a lower rotational state by emitting a photon. Only photons that escape the object and then travel to us can be detected. If there are sufficient collisions the molecules can be considered to be in Local Thermodynamic Equilibrium (LTE) and this simplifies the astrophysical analysis to determining, for example, the molecular desorption temperature (Belloche et al. 2014) and LTE column densities [START_REF] Padoan | [END_REF]. LTE conditions provide an assumption for astrophysical analysis, especially useful if only one or two lines have been observed. However, if the molecular densities are not high enough, more sophisticated methods such as Accelerated Lambda Iteration (Hubeny & Lanz 1995), Monte Carlo model (Pagani 1998) or RADEX (based on radiative transfer theory, see van der Tak et al. 2007) can be employed to perform the spectral line surveys. In this case, it is necessary to have information on the ro-vibrational collisional excitation parameters (for example from the Basecol database: https://basecol.vamdc.eu/index.html).

New interstellar molecules are looked for according to a complexity sequence, i.e., length of carbon chains, number of their branches, as well as their interests for research topics. The observation instruments are radio telescopes with increasingly improved sensitivity and resolution. Radio telescopes are used since the wavelength they can observe correspond to the frequency of rotational transitions. In cold space, mostly only rotational states are populated. Also the Earth's atmosphere is partially transparent in this frequency region. Since the first was built in 1932, by K. G. Jansky of Bell Telephone Laboratories, radio telescopes have contributed a lot to the advances in astronomy, such as the discovery of pulsars, quasars, the cosmic microwave background and interstellar organic molecules. The high performance of radio telescopes requires clean air, an extremely dry atmosphere, little cloud cover and the least amount of electromagnetic interference. Radio telescopes can be generally classified into different groups: airborne or space observatories, ground-based single-dish telescopes and arrays (using radio interferometry). Historically, the observation by radio telescopes has extended from 𝜆 ≈ 30 m to 𝜆 ≤ 0.2 mm. However the available frequencies in the millimeter and submillimeter region are not continuous for ground-based telescopes, because of the atmospheric windows (mainly caused by resonant absorption of H2O and O2) shown in Fig. 2-1. The limits are not sharp since there are variations both with altitude, geographical position and with time. The radio telescopes working currently in operation and their information can be found for example in wikipedia (https://en.wikipedia.org/wiki/List_of_radio_telescopes), while several examples will be further introduced in following paragraphs.

Modern astronomy requires telescopes with high sensitivity, spatial resolution and spectral resolution. To improve the sensitivity, optimizing techniques to decrease inherent noise of the receivers, increasing the receiving area and lengthening the integration time are main methods used. Increasing observation time with decreased sampling rate is the factor to improve the spectral resolution. For the spatial resolution, the observing aperture of the telescope and the wavelength to observe are significant points. As wavelengths are chosen according to the type of molecules we want to measure, increasing the observing aperture of a single-dish telescope is usually the core point, and also the good surface quality to ensure the effective aperture.

Presently, the single-dish telescope with the largest filled-aperture is the Five-hundred-meter Aperture Spherical radio Telescope (FAST) (that is also the second largest individual radio telescope after the Russian sparsely-filled RATAN-600) located in Guizhou Province in China.

FAST achieved first light in September 2016. It has been built in a natural depression in the landscape. The construction of the whole reflector system is aimed to build a 500 m aperture active spherical reflector, which can form a transient 300 m parabolic dish under real time control. In theory, this large area and the focal length of 140 m, make FAST very powerful to search for electromagnetic signals as far as 13.7 billion light-years away, nearly to the edge of the known universe. This new telescope came into full scientific application in 2018 and welcomes international co-operations in astronomy and astrophysics. FAST is operated by the Chinese Academy of Sciences, and as listed on its website, it will mainly be devoted to six science objectives: a large scale neutral hydrogen survey, pulsar observations, leading the international very long baseline interferometry (VLBI) network, detection of interstellar molecules, detecting interstellar communication signals (search for extraterrestrial intelligence, for example) and pulsar timing arrays. The receiving frequency of FAST is from 70 MHz to 3 GHz, designed to cover OH, CH3OH and 12 other molecular lines. The observations for organic molecules with long carbon chains (for example, HCxN, x = 7, 9, 11…, whose emission is always weak) in our galaxy and the maser or megamaser sources of OH and CH3OH (the sources are small-scale environment usually with high redshift) are important research objectives of FAST, due to its high sensitivity (Li & Pan 2016). The detections of maser sources in the Milky Way and the megamaser in extragalactic sources are methods to help understanding the dynamics of molecular clouds, star formation, interstellar magnetic fields, also the measurements of the scale of our galaxy and the distance between neighboring galaxies, as well as the identification of black holes. Tens of pulsar candidates were detected by FAST up to October, 2017, among which, six have obtained verification (Yan & Shen 2017). A more detailed information about the technology and first results, can be found on the website of FAST, (http://fast.bao.ac.cn/showNews.php?Action=BasandID=3).

My thesis project on normal-propyl cyanide (C3H7CN, also known as normal-butyronitrile or normal-cyanopropane), was motivated by the observations of this molecules in Sagittarius B2(N), carried out by the IRAM (Institut de Radioastronomie Millimé trique) 30-meter single dish radio telescope. The 30-meter telescope is built on Pico Veleta in the Spanish Sierra Nevada with an elevation of 2850 meter, and is still one of today's largest and most sensitive radio telescopes for tracing millimeter waves. The spectral line receiver of the 30-meter telescope is called EMIR (Eight Mixer Receiver), and operates in the 3 mm, 2 mm, 1.3 mm and 0.9 mm atmospheric windows. All ranges offer 8 GHz bandwidth centered on about 90, 150, 230 and 330 GHz. Each of the four receivers provides two orthogonal linear polarization channels tuned to the same frequency. By a dichroic mirror, the dual-beam configuration is also possible for some of these bands (search detailed information at http://www.iram.fr/GENERAL/calls/w17/30mCapabilities.pdf). Normal-propyl cyanide was first detected in the frequency ranges of 80 -116 GHz by EMIR in January 2004 (also performed in the 1.3 mm and 2 mm windows, by Belloche et al. 2009).

To enlarge the aperture of an individual telescope is an obvious method to increase spatial resolution, but it has practical limitations. This restrained the development of higherperformance radio telescopes, until 1962, when the British radio astronomer, Martin Ryle developed interferometric astronomical measurements. To speak simply, at least two telescopes in different places receive signals from one object, and their signal is then combined, resulting in a spatial resolution at most equal to a single-dish telescope with the aperture as large as the distance between the two farthest individual telescopes. To further this theory, for an interferometer, more extended arrays gives higher spatial resolution, and more compact arrays contributes to better sensitivity for extended sources. Presently, the largest telescope array based on this theory is the Atacama Large Millimeter/submillimeter Array (ALMA) which is located in the Atacama Desert, Chile, where high altitude and extremely dry air contribute to the sensitive observation of signals in the millimeter/submillimeter ranges. ALMA is a cooperative project between Europe, the USA, Canada, Chile and East Asia (Japan, South Korea, and Taiwan area), consisting of 50 12-m antennas with baselines up to 16 km and additional compact array of twelve 7-m and four 12-m antennas. ALMA will be able work in 10 frequency bands, the lowest frequency available now is 84 GHz (even lower bands around 45 GHz and 80 GHz will come into operation later) and the highest at around 950 GHz. The design of ALMA was motivated by three key science goals listed on its website: to detect spectral line emission from CO or [CII] in a normal galaxy like the Milky Way at a redshift of z=3, in less than 24 hours; to image the gas kinematics in protostars and in protoplanetary disks around young Sun-like stars in the nearest molecular clouds (150 pc); to provide precise high dynamic range images at an angular resolution of 0.1 arcsec. But many other scientific projects are possibly including astrochemistry and the search for new molecular species in space. Since the start of full operation in 2013, ALMA has produced lots of scientific results, for example, in 2014, a protoplanetary disk of HL Tau region was reported, and this suggested the possibility of planetary formation in such a young constellation (Brogan et al. 2015). ALMA is a strong motivation for the work we have carried out.

The NOEMA (Northern Extended Millimeter Array) is currently the most advanced millimeter array in the Northern Hemisphere, situated on the Plateau de Bure at 2550 m altitude in the French Alps. Up to 2018, its ten moveable 15-m antenna form baselines at largest 760 m in the E-W direction and 368 m in the N-S direction. Larger apertures than antenna of ALMA renders a better S/N ratio. When working together with the IRAM 30-m telescope, unprecedented spatial resolution can be obtained (for example, the observation of 13 CO toward W3(H2O) by NOEMA merged with the results of the 30-m telescope to obtain high resolution images of highly luminous star-forming regions in Ahmadi et al. 2018). The NOEMA can work at 0.8 mm atmospheric window which is not possible currently with ALMA. The NOEMA is an upgrading project succeeding the PdBI (Plateau de Bure Interferometer) from 2009 and may provide an alternative to ALMA for spectral surveys.

The VLA (Very Large Array) is built on the Plains of San Agustin of the Southwestern United States. It comprises 27 independent 25-m antennas distributed along three 21-km arms in a "Y" configuration to form the largest baseline around 36 km. The antennas at such a configuration have an equivalent sensitivity to a 130-m single dish. Eight operating bands from 73 MHz to 43 GHz are used for radio astronomy. The high spatial resolution of VLA, 0.04'' at 43 GHz with its maximum baseline, allows separation of the emissions from different regions, and also reduces beam dilution and spectral congestion.

Besides the ground-based telescopes, there are periodically telescopes or observatories launched into space. Space telescopes have some interesting advantages, the most important is being free of constraints of limited transmission windows resulting from the atmospheric opacity of the Earth (see Fig. 2-2). Other advantages are being a long way from human sources of electromagnetic radiation and air pollution. The Herschel Space Observatory operated by ESA, was one of the most advanced space telescopes because of its operation over a very large waveband from sub-millimeter to far-infrared (0.44 -5.45 THz), with the largest ever antenna in space (a 3.5 m primary mirror). It used the largest cryostat to keep a very low temperature (about 1.65 K) and additional built-in coolers bringing the temperature of the detectors down to 0.3 K. It was launched in May 2009, and arrived at its destination, the second Lagrangian point (L2) of the Earth-Sun system 2 months later. It finished operating on 29 th April, 2013. The launch was made together with Planck that was designed to observe large-scale variations in the cosmic microwave background. To study the interstellar molecules in our galaxy and other nearby galaxies was one of the main science objectives of the Herschel mission, for example, observations of the CO rotational ladder at 194 -671 μm toward the central region of the starburst galaxy M82 (Panuzzo et al. 2010), observation of emissions lines of CO and highdensity tracers as well as a large number of absorption lines from high hydride molecules toward Sgr B2, including hot cores and the surrounding areas (Etxaluze et al. 2013).

Research in radio astronomy on molecules in vibrationally excited states

The research on interstellar molecular spectroscopy, has long been concentrated on molecular ground states, since the excited states are (often much) less abundant at low temperatures and the lines are (much) less intense. The best candidates for astrophysical detection in cool sources are hence the low-lying vibrations found in more complex molecules. Additionally, the identification of the rotational transitions of vibrationally excited molecules also requires good laboratory characterization of the spectrum and this presents additional difficulties like dense spectra and vibrational coupling. The first vibrationally excited molecule observed was cyanoacetylene toward Orion, thought to originate in a small region of the core of the cloud with a temperature around 414 K higher. This is higher than the larger, on average 50 -75 K, region where they simultaneously detected ground-state molecules. The limited small region of the warmer regions of the cloud could also lead to beam-dilution especially in single-dish instruments that enlarges the uncertainty in the observation of vibrationally excited molecules (Clark et al. 1976).

However, the determination of the existence of isotopologues and excited states of known molecules is becoming more and more important as we become increasingly curious about the complexity of interstellar molecules and their chemistry. The ultimate aim is a comprehensive interstellar molecular model which includes all lines of known molecules to help us to account for unidentified or misidentified spectral lines in the crowded spectra observed in interesting interstellar areas (Mehringer et al. 2004). A complete set of molecular lines inevitably consists of rotational transitions in their vibrationally excited states allowed in astrophysical conditions. Conversely speaking, rapidly increasing unidentified rotational lines have been observed, as new-generation advanced radio-telescopes with far better sensitivity and spatial and spectral resolution have become available. With the high resolution of modern interferometers (like ALMA, NOEMA and VLA), it is possible to observe the regions of formation of stars and planets in detail from the cold ridge of a nebula to its hot cores (Wyrowski et al. 1999;Thorwirth et al. 2000). Quite a large percentage of lines measured in star forming regions are rotational transitions in low lying vibrationally excited states of a relatively few molecules that are called astrophysical weeds [START_REF] Goldsmith | Report from the Workshop on Laboratory Spectroscopy in Support of Herschel[END_REF][START_REF] De Lucia | Submillimeter Astrophysics and Technology: A Symposium Honoring Thomas G. Phillips[END_REF]. Removing the known lines can reveal lines due to new species and the process has been referred to as weeding.

Understanding the "flowers in astrophysical weeds" (i.e., using these molecules themselves to further research) is required for better astrophysical and astrochemical modeling. Interstellar molecules are good probes of their physical environment. The regions where vibrationally excited molecules are found are often hotter and denser. In these places shocks and/or intense radiation fields are more present. Therefore, vibrationally excited molecules can function as the tracers of these physical conditions (Ziurys & Turner 1986).

1.

Temperature and density Vibrationally excited molecules can provide information on temperature and density. This information can also be obtained from ground state molecules but the regions monitored may not be the same. Various publications on astrophysical observations have discussed this, for example, vibrationally excited methyl cyanide observed in the hot core region in the central portion of Orion gave an excitation temperature between 200 and 350 K, and the density required for collisional excitation 10 10 -10 11 cm -3 (Goldsmith et al. 1983). In the first published detection of vibrationally excited normal-propyl cyanide (Müller et al. 2016b), the fit to the population diagram of most detected lines yielded a temperature of 142 ± 4 K which is consistent with the previously determined rotation temperature of 150 K.

2.

Velocity of the gas The velocity of gas can be deduced with the line profile in the observation. For example, (Ziurys & Turner 1986) reported that excited HCN toward Orion has narrower line width and centers at a smaller LSR (Local Standard of Rest) velocity than those of the ground state, which implies that the ground-state and excited molecules are in different places. Besides "hot cores" of molecular clouds, circumstellar envelops of hot central stars are also well researched sources where vibrationally excited molecules can be observed. For example (Cernicharo et al. 2011) reported the detection of high vibrational states of hydrogen cyanide toward IRC +10216, and using the linewidth of the rotational lines, all below twice the terminal velocity of the region, they deduced that the formation of HCN should be at the end of the gas acceleration region.

3.

Excitation conditions The vibrational excitation of interstellar molecules is also an interesting topic. Besides adequate LTE temperature, other more effective conditions have been discussed. The detection of vibrationally excited NH3 towards Orion KL indicated that the excitation is due to 10 μm infrared radiation emitted by local dust with a temperature of 160 -180 K, and this could be regarded as evidence for close coupling between gas and dust temperatures in the Orion hot core (Schilke et al. 1992). Polycyclic aromatic hydrocarbons (PAHs) are large complex organic molecules that are thought to contribute to specific interstellar infrared emission. The hypothesis that this interstellar infrared emission originates from vibrationally excited PAHs requires that emission can arise from all vibrational levels energetically accessible by absorbing UV photons [START_REF] Barker | [END_REF]).

4.

Maser sources Maser lines are generally identified by their narrow, highly polarized, often asymmetric profiles, time variability and very high brightness temperatures in spatially compact emission regions. The mechanism is molecular stimulated emission. One example providing good applications is using maser polarization propagation to yield the intensity distribution of the magnetic field along the maser line of sight, as reviewed in (Vlemmings 2007).

5.

Partition function Another important issue is partition function, which is used, for example in radio astronomy to determine the column density of a molecule assuming thermodynamical equilibrium (some detailed information in Section 3.7). When we take vibrational states into account in the partition function, the column density of the molecule observed can be better estimated.

Chapter 3 Summary of the relevant theory of molecular spectroscopy Observational astronomy started from visible light spectroscopy, and developed into a multiwavelength analysis. At the time of optical observations, astronomers could only observe and analyze celestial objects with optical telescopes and their eyes. When it comes to radio astronomy, the observation wavelength has been expanded from decameter to submillimeter. Modern observational astronomy extends over a very wide spectrum including optical astronomy, infrared astronomy, radio astronomy and high-energy astronomy. These advancements have continuously provided us interesting observed objects and research topics.

The information, scientists obtain from radio telescopes is mainly spectra from molecules in interstellar space and cold gaseous regions. The spectra often consist (but not exclusively) of emission lines of rotational transitions of interstellar molecules.

Introduction to molecular energy levels and spectroscopy

Spectroscopy, is a powerful tool for identifying interstellar molecules. There are different types of lines and thus they fall in different wavelengths owing to the complexity of the molecular system and internal mutual effects. The frequency between around 30 MHz -300 GHz (commonly called radio astronomy) is interesting for astrophysicists because of the accessibility by ground-base radio telescopes and plentiful spectra in the wave range; these spectra mainly correspond to: rotational transitions, Λ-type doubling transitions (Yamamoto 2017, app. 1;Sun & Li 2004, chap. 2), l-type doubling transitions (Sebald, 2007;Townes & Schawlow 1975, chap. 2) and inversional transitions (Townes & Schawlow 1975, chap. 2). If some atoms of the molecule have a non-zero nuclear spin, there could be hyperfine structure in the spectra. The research on molecular energy levels has a very direct significance to molecular astrophysics, because the physical features of these energy levels have a relation with the astrophysical processes of the molecular environment. A significant number of interstellar molecular lines from observations have not been identified as the spectra have not yet been characterized by laboratory spectroscopy. Therefore, laboratory spectroscopic research on potential interstellar molecules is important and there is still a lot to do.

Molecular energy levels constitute a system far more complex than atoms, because the movement in molecules takes place in the total Coulomb field caused by several nuclei, together with the rotation of the whole molecule around its center of mass. The total energy of a molecule includes: 1 Kinetic energy of all electrons of the molecule. 2 Coulomb potentials between electrons. 3 Coulomb potentials between electrons and nuclei. 4 Coulomb potentials between nuclei. 5 Kinetic energy of all nuclei in the molecule. 6 The mutual effects between the spin and orbital movement of each electron in the molecule. 7 The interaction between the state of each nucleus and the state of its surrounding electron cloud.

In all of these discrete energies, 1 to 4 form the equivalent potential of the molecule; the equivalent potential has a direct relation with the nuclear configurations, and the minimum value of the equivalent potential is defined as the energy of the electronic level of the molecule. The high energy between electronic levels means that electronic transitions fall in the ultraviolet and optical wavebands.

The energy in 5 is the sum of all kinetic energy of nuclei, and this can be treated in two parts, the kinetic energy of the center of mass and the kinetic energy from the relative movements of nuclei to the center of mass. The former is not of interest here, and the latter can also be divided into two parts: the vibrations of the nuclei about the center of mass and the rotations of the nuclei around the center of mass. The energy of vibrations and rotations are both discrete, and called vibrational levels and rotational levels respectively. The differences between vibrational levels are much larger than those of rotational levels and in general, vibrations have very large effects on rotations, to make the rotational states often regarded as sub-states of vibrational states. Energies between vibrational levels are in the infrared or optical wavebands, the energy between rotational levels is in the far infrared, sub-millimeter, millimeter or centimeter wavebands.

For the other two energies in the list, the sixth leads to the fine structure of electronic states and the seventh leads to hyperfine structure; later I will give more information about hyperfine structure. Energy states (electronic states, vibrational states and rotational states) can be approximately treated separately to get the approximate results of the frequency of the transitions, and then coupling effects should be taken into account to correct the approximation.

Molecular Schrodinger equation and the Born-Oppenheimer approximation

In a molecule, multi nuclei and multi electrons surrounding the nuclei make its Schrodinger equation, describing the molecular quantum state, more complicated than for an atom. The Hamiltonian of one molecule can be expressed as: In this expression, 𝛹 is the wave function of the molecule. Although many minor terms in the Hamiltonian have been neglected, this expression is still complicated and can only be treated with some approximations. The main idea of the Born-Oppenheimer (BO) approximation is to treat the movements of electrons and nuclei separately and ignore the mutual effects between them, thus the problem can be simplified. The principle that the BO approximation relies on is that nuclei can be regarded static when observing the movement of electrons, therefore, the energy of electrons which is related to their movements can be treated independently to the movements of these nuclei, only correspondent to the instantaneous positions of the nuclei. , it has no relation with the internal movement of the molecule, so we focus on the treatment of (3.12).

Using spherical coordinates to substitute the Cartesian coordinates in (3.12), the expression can be more intuitive. The second-order partial differential of 𝒓 𝒓 has a more complex form in spherical coordinates: For (3.16), the coefficient on the left side of the equation can be defined as 1 2𝜇𝑟 2 𝑙 ̂2, among which, 𝑙 ̂2 is the square of the angular momentum operator, and can be expressed as

𝛻 𝒓 𝒓 2 = 1 𝑟 2 ( 𝜕 𝜕𝑟 𝑟
𝑙 ̂2 = - ℎ 2 4𝜋 2 [ 1 𝑠𝑖𝑛𝜃 𝜕 𝜕𝜃 𝑠𝑖𝑛𝜃 𝜕 𝜕𝜃 + 1 𝑠𝑖𝑛 2 𝜃 𝜕 2 𝜕𝜑 2 ]
. Thus 𝑌(𝜃, 𝜑), the eigenfunction of 𝑙 ̂2 has the form of a spherical harmonic function, and represents the relative rotational movement of the nuclei. 𝐸 𝑟𝑜𝑡 is the eigenvalue of the energy in the rotational movement. It should be noted that, although we have separated the molecular vibrational movement and rotational movement, the rotational movement still has relation with the vibration, and this appears as the 𝑟 2 in the denominator of the coefficient, 1 2𝜇𝑟 2 𝑙 ̂2. In a practical treatment, the effect of the vibrations on the molecular rotations can be corrected for more precision.

From all we discussed above, under the BO approximations some main conclusions can be made: 1.

The total internal energy of a molecule can be regarded as three parts, electronic energy, vibrational energy and rotational energy:

𝐸 = 𝐸 𝑒 + 𝐸 𝑣𝑖𝑏 + 𝐸 𝑟𝑜𝑡 .
All these energies have a discrete form. From the deduction in (3.7) and (3.8), (3.15) and (3.16), together with the fact that 𝐸 𝑒 ≫ 𝐸 𝑣𝑖𝑏 ≫ 𝐸 𝑟𝑜𝑡 , the vibrational energy levels can be regarded as sub-levels of electronic energy levels, and the rotational energy levels can be regarded as sublevels of vibrational energy levels. In other words, for an electronic movement, there exists a series of vibrational states; in one vibrational state, there also exists a series of rotational states.

2.

The wave function of the molecule can be also regarded as the product of its electronic wave function 𝛹 𝑒 , vibrational wave function 𝑅(𝑟) and rotational wave function 𝑌(𝜃, 𝜑):

𝛹 = 𝛹 𝑒 • 𝛹 𝑁 = 𝛹 𝑒 • 𝑅(𝑟) • 𝑌(𝜃, 𝜑).
Put simply, the coordinates of 𝛹 𝑒 are actually the positions of electrons, as well as the position of nuclei as parameters; the vibrational wave function of nuclei 𝑅(𝑟) takes the relative distance 𝑟 as a parameter; coordinates of the rotational wave function of nuclei 𝑌(𝜃, 𝜑) are determined by the relative angles 𝜃, 𝜑 to the molecular center of mass.

3.

The separation of the three movements based on the BO approximation is a practical method to solve and understand the Schrodinger equation. As discussed above, in (3.15), the movement of electrons influences the vibrations of the nuclei by 𝑉 𝑒𝑓𝑓 (𝑟) and in (3.16) the vibrations also play a role in the rotational movements by 𝑟 2 as a coefficient. Hence, a correction should be taken into account.

From what we discussed above, we can get a general diagram of the energy levels as Fig. 3-1. The transitions between these energy levels lead to the molecular spectra, and in general there are three types of spectra to be considered: 1.

Pure rotational spectroscopy. It refers to the transition between rotational levels in the same vibrational state, or in other words, the electronic states and vibrational states remain the same in the transitions. Generally, the rotational lines are in the microwave to far infrared wave band. Pure rotational spectroscopy is the main method to study interstellar molecules and rotational transitions can be observed by radio telescopes.

2.

Vibrational-rotational spectroscopy. It refers to the transitions between rotational levels in two different vibrational states. In this kind of transitions, the electronic state does not change. Because of the many rotational levels in each vibrational state, the allowed transitions can form quite dense lines in one spectral band. These transitions have higher energy, and usually have a typical frequency of middle to near infrared, but in certain cases can extend to the far infrared.

3.

Electronic vibrational-rotational spectroscopy. Such transitions happen between different electronic levels, and therefore are associated with much higher frequency, in the ultraviolet to optical waveband providing molecular colors. Because of many sub-structures in the two electronic levels, the spectrum can give very dense bands. which the electronic energy levels are designated by 𝐸 𝑒0 and 𝐸 𝑒1 , in each potential curve, the vibrational levels which are designated by v can be treated as the sub-levels and similarly the rotational states designated by J, as sub-levels of each vibrational level (Manson et al. 1977).

Rotational energy levels and rotational spectroscopy

As explained in section 3.2, the rotations of a molecule have a relation with its vibrational movements and also the electronic states. To simplify and further the discussion of the molecular rotation, this section is started with an ideal rigid molecule, whose inter-nuclear distance is fixed and whose rotation is not affected by vibrational and electronic movements.

In classical physics, the rotation of a particle can be described as 𝜏 = 𝐼𝛼, with torque 𝜏, angular acceleration 𝛼 and moment of inertia 𝐼. A moment of inertia determines the torque required to maintain an angular acceleration around the rotational axis. For an object which is rotating around its rotational axis, the moment of inertia can be calculated as 𝐼 = ∭ 𝜌𝑟 2 𝑑𝑣 𝑉 , with 𝑑𝑣 the volume element; 𝑟 the distance between 𝑑𝑣 and the rotational axis; 𝜌 the mass of 𝑑𝑣. In the calculation of the moment of inertia of a rotating object, a set of standard directions is needed to express the rotational axis. Through the analysis in classical mechanics, we can choose three orthogonal axes among all possible directions which present a maximum or minimum of the moment of inertia calculated. These axes are called principal axes of inertia (the principle axes of normal-propyl cyanide is shown as example as Fig. 3-2); in such a coordinate, the angular momentums can be parallel with the angular velocities. Fig. 3-2. The principal axes of normal-propyl cyanide, the anticonformer is shown on the left and the gaucheconformer is on the right. The green axis represents the direction with the smallest moment of inertia among the three, defined as a axis; the blue one has the intermediate value defined as b axis, and the red one is the c axis. The number along the three ridges of the box means the size of the molecule, in the unit Å. All the molecular geometric information was from the ChemACX database; the directions of main principal axes and the sizes of the molecules were calculated with Multiwfn (Lu & Chen 2012) whose results were presented by VMD (Humphrey et al. 1996).

If we use 𝑂 -𝑎𝑏𝑐 to describe the principal axes, (𝑎 𝑖 , 𝑏 𝑖 , 𝑐 𝑖 ) to describe the position of a particle and 𝑚 𝑖 to describe its mass, the moments of inertia for the set of particles to these three principal axes can be expressed as

{ 𝐼 𝑎 = ∑ (𝑏 𝑖 2 + 𝑐 𝑖 2 )𝑚 𝑖 𝑖 𝐼 𝑏 = ∑ (𝑐 𝑖 2 + 𝑎 𝑖 2 )𝑚 𝑖 𝑖 𝐼 𝑐 = ∑ (𝑎 𝑖 2 + 𝑏 𝑖 2 )𝑚 𝑖 𝑖 .
Then, the rotation around any other rotational axis 𝑂𝜉 can be expressed as 𝐼 𝜉 = 𝛼 2 𝐼 𝑎 + 𝛽 2 𝐼 𝑏 + 𝛾 2 𝐼 𝑐 , where (𝛼, 𝛽, 𝛾) represents the direction cosine of 𝑂𝜉 with the principal axes. If we take 𝑂 as the grid origin, and 𝑅 = 1/ √ 𝐼 𝜉 as the radius vector in any directions with a generalized direction cosine (𝛼, 𝛽, 𝛾), the end edges of these radius vectors form an ellipsoid, called the inertia ellipsoid of the object. The symmetry axes of this ellipsoid are the principal axes of the object.

A molecule with 𝐼 𝑎 ≠ 𝐼 𝑏 ≠ 𝐼 𝑐 is called an asymmetric rotor. Generally, we define the molecular moments of inertia as 𝐼 𝑎 < 𝐼 𝑏 < 𝐼 𝑐 . If 𝐼 𝑎 = 𝐼 𝑏 ≠ 𝐼 𝑐 , or 𝐼 𝑎 ≠ 𝐼 𝑏 = 𝐼 𝑐 the molecular inertia ellipsoid is a rotational symmetric ellipsoid, and in this situation, the molecule is called symmetric rotor. For a symmetric rotor, any direction passing O and perpendicular to the axis with a moment of inertia not equal to the others can be the principal directions. If 𝐼 𝑎 = 𝐼 𝑏 = 𝐼 𝑐 , the molecule is called a spherically symmetric rotor, and all direction passing O can be the principal directions. There is one special kind of symmetric rotor, whose 𝐼 𝑎 = 𝐼 𝑏 and 𝐼 𝑐 ≈ 0, rendering the inertia ellipsoid in this situation a cylinder with an infinite height along the c axis. The linear molecule is such a case.

Rigid linear rotors

Rigid linear rotors are the simplest molecules in the theory of rotational spectroscopy. Because the diameter of the nuclei is much smaller than the distance between them, these nuclei can be treated as particles. As the electrons are much lighter than the nuclei, the moment of inertia around the molecular axis can be regarded as zero. As well as that, besides the molecular axis, all directions passing through the molecular center of mass and perpendicular to the molecular axis can be the principal axes, so for rigid linear rotors, 𝐼 𝑎 = 𝐼 𝑏 , 𝐼 𝑐 = 0.

For rigid linear rotors, the rotational energy in a classic view can be expressed as It is worth noting that, in symmetric top molecules, each non-zero 𝐾 is a pair of inverse numbers, and the two levels (±𝐾) are degenerate. 

𝑇

Asymmetric rotors

A more common situation is, 𝐼 𝑎 ≠ 𝐼 𝑏 ≠ 𝐼 𝑐 , in an asymmetric-top molecule. The calculation of asymmetric-top molecular rotational energy levels is more complicated, because 𝐾 in such a case is not a good quantum number as for symmetric rotors. As a result, the energy of each rotational level can no longer be expressed in convenient equations, and as 𝐽 increases, the deviation from the approximated analytical form increases. Therefore, the fitting with high 𝐽 transitions is more complex.

Nevertheless, in an easier view asymmetric-top molecules can be seen as a transition, intermediate between prolate-top molecules and oblate-top molecules. From this, we can obtain an approximate diagram as Fig. 34. For asymmetric rotors, the degeneracy of 𝐾 is lifted and it is replaced by 𝐾 𝑎 and 𝐾 𝑐 that are pseudo-quantum numbers and represent the limiting values for the prolate and oblate rotors. An asymmetric rotor has (2𝐽 + 1) distinct rotational levels for each value of 𝐽, whereas the symmetric rotor has only (𝐽 + 1) distinct levels for each 𝐽. For asymmetric rotors, rotational levels with the same 𝐽 but different 𝐾 𝑎 and 𝐾 𝑐 cannot cross each other. If the asymmetric-top molecule has a very large difference between the rotational constants (𝐴, 𝐵, and 𝐶), the sets of energy levels in different 𝐽 quantum number may overlap.

Fig. 34. The qualitative description of asymmetric-top molecular rotational energy levels (Sun & Li 2004, chap. 2).

Generally, the wave functions of rotations of asymmetric rotors can be assumed as an orthogonal set of functions, which are naturally those of symmetric rotors as (3.21).

𝑌 𝐽,𝐾 𝑎, 𝐾 𝑐 = ∑ 𝐶 𝐽,𝐾 𝑌 𝐽,𝐾 𝐽,𝐾 (3.21) where, 𝐶 𝐽,𝐾 's are numerical constants and 𝑌 𝐽,𝐾 's have the form of a symmetry rotor as bases. Thus, secular equations can be set up for expressing the coefficients 𝐶 𝐽,𝐾 and energy 𝜆, the eigenvalue of the Hamiltonian, expressed as (3.17). For obtaining the nontrival solutions of 𝐶 𝐽,𝐾 , the secular determinant deduced should be zero, as (3.22).

|𝐻 ̂-𝑰𝜆 | = 0 (3.22)
where 𝑰 is a unit matrix, and the Hamiltonian of a rigid asymmetric-top molecule can be expressed as 𝐻 ̂= 4𝜋 2 ℎ (𝐴𝑙 ̂𝑎 2 + 𝐵𝑙 ̂𝑏 2 + 𝐶𝑙 ̂𝑐 2 ), in which, 𝐴, 𝐵 and 𝐶 have the same meaning as already defined. Consequently, (3.22) should be solved for each value of 𝐽, and the order of (3.22) increases with 𝐽.

To describe the asymmetry degree, Ray's asymmetry parameter can be introduced as 𝜅 = 2𝐵-𝐴-𝐶

𝐴-𝐶

, and therefore, the prolate top with 𝐵 = 𝐶 has 𝜅 = -1; and 𝜅 = 1 for the oblate top with 𝐵 = 𝐴. For asymmetric tops, 𝜅 varies between -1 and +1. In an asymmetric-top molecule, we use a reduced Hamiltonian as (3.24) to rearrange 𝐻 ̂ for facilitating the calculation of the energy levels, as (3.23). where, 𝐸 𝐽,𝐾 𝑎, 𝐾 𝑐 (𝜅) is reduced energy, and can be solved in (3.22) when we replace the Hamiltonian with a reduced energy matrix, as |𝑬(𝜅) -𝑰𝜆 | = 0. For more information on the non-vanishing matrix elements of 𝑬(𝜅), the reader can refer to (Gordy & Cook 1984, chap. 7); the explicit expressions of these elements depend on the choice of reference axis among the principal axes of the asymmetric rotor a, b, and c, when considering 𝐼 𝑎 < 𝐼 𝑏 < 𝐼 𝑐 . Two choices are sufficient to handle conveniently most asymmetric tops which are close to a near-prolate rotor (𝜅 ≈ -1) or a near-oblate rotor (𝜅 ≈ 1).

𝐻 ̂= 4𝜋

For a near-prolate rotor, axis a is usually chosen as the near-symmetry axis because the reduced energy matrix has small off-diagonal elements and thus is nearly diagonal. Under this condition, the diagonal matrix elements are simply ℎ[-𝐽(𝐽 + 1) + 2𝐾 2 ], when considering 𝜅 ≈ -1.

Then the energy expressed in (3.25) is 𝐸 = ℎ[𝐶𝐽(𝐽 + 1) + (𝐴 -𝐶)𝐾 2 ], when substituting the reduced energy into 𝐸 𝐽,𝐾 𝑎, 𝐾 𝑐 (𝜅). We hence get back to the expression of energy levels for prolate rotors in (3.20). Generally, the energy of the rotational levels of near-prolate rotors can be expressed as as the perturbation operator. The values of the constants 𝐶 𝑖 are tabulated for example in Appendix III of (Townes & Schawlow 1975).

𝐸 𝑟𝑜𝑡 =
Similarly, for an near-oblate rotor, where 𝜅 ≈ 1 and axis c as the near-symmetry axis, 𝐸 𝐽,𝐾 𝑎, 𝐾 𝑐 (𝜅) is expressed as ℎ[𝐽(𝐽 + 1) -2𝐾 2 ], by which, 𝐸 = ℎ[𝐴𝐽(𝐽 + 1) -(𝐴 -𝐶)𝐾 2 ].

A very important issue is the selection rules of asymmetric-top molecules. The transitions in 𝐽 quantum number obey the same rule as previous: ∆𝐽 = 0, ±1 (also designated as P-branch for ∆𝐽 = -1, Q-branch for ∆𝐽 = 0, R-branch for ∆𝐽 = 1), but it is more complicated for 𝐾. The selection rules have a relation with the dipole moment of the molecule, or more precisely, they depend on the relation between the molecular dipole moment and the principal axes. For a symmetric top, the dipole moment lies along one of the principal axis (for the prolate, it's the principal axis with the smallest moment of inertia; for the oblate, it's the largest), therefore, any transition with ∆𝐾 = 0 is possible. In the asymmetric case, the occurrence of transitions relies on the components of the dipole moment along with one of the three principal axes, and therefore, the transitions allowed can be classified as: 1. a-type transitions: the component of the dipole moment along the a principal axis (referred to as 𝜇 𝐴 ) is non-zero, and the transitions have ∆𝐾 𝑎 = 0, ±2, ±4 …, ∆𝐾 𝑐 = ±1, ±3 …; 2.

c-type transitions: the component of the dipole moment along the c principal axis (𝜇 𝐶 ), is non-zero, and allowed transitions occur with ∆𝐾 𝑎 = ±1, ±3 … , ∆𝐾 𝑐 = 0, ±2, ±4 …;

3.

b-type transitions: the component of the dipole moment is non-zero (𝜇 𝑏 ) along the principal axis whose moment of inertia is intermediate, and for b-type transitions, allowed transitions occur with ∆𝐾 𝑎 = ±1, ±3 … , ∆𝐾 𝑐 = ±1, ±3 ….

For an asymmetric-top molecule, the strengths of rotational transition can be found, for example, in [START_REF] Cross | [END_REF]). In the paper, a summary was listed as in Table 3-1. The strengths of transitions only depend on their type, physically the effectiveness of an electronic field along the direction when inducing the transition. For the intensities of the lines in rotational spectra, we should also consider the component of the dipole moment in such a direction (a, b or c component) and the molecular population, as the expression of (4.3). This will be more detailed in Chapter 4.

aand c-type transitions 𝑄 1,0 / 𝑐,𝑒 𝑄 -1,0 𝑐,𝑜 (6,6,6,6,6) 𝑄 0,1 / 𝑄 0,-1 𝑎,𝑜 𝑎,𝑒 (6,6,6,6,6) 𝑅 1,0 / 𝑐 𝑃 -1,0 𝑐 (6,6,6,6,6) 𝑅 0,1 / 𝑃 0,-1 𝑎 𝑎 (6,6,6,6,6)

𝑄 -1,2 / 𝑄 1,-2 𝑐,𝑜 𝑐,𝑒 (5,5,5,4,0) 𝑄 2,-1 / 𝑎,𝑒 𝑄 -2,1
𝑎,𝑜 (0,4,5,5,5) 0,4,4,5,5) (6,5,5,5,6) 𝑄 1,-1 / 𝑄 -1,1 𝑏,𝑒 𝑏,𝑒 (6,5,5,5,6)

𝑅 -1,2 / 𝑐,𝑒 𝑃 1,-2 𝑐,𝑒 (5,5,4,4,0) 𝑅 2,-1 / 𝑎,𝑒 𝑃 -2,1 𝑎,𝑒 ( 
𝑅 -1,2 / 𝑐,𝑜 𝑃 1,-2 𝑐,𝑜 (5,4,4,4,0) 𝑅 2,-1 / 𝑃 -2,1 𝑎,𝑜 𝑎,𝑜 (0,4,4,4,5) b-type transitions 𝑄 -1,1 / 𝑄 1,-1 𝑏,𝑒 𝑏,𝑒
𝑄 -1,1 / 𝑄 1,-1 𝑏,𝑜 𝑏,𝑜 (5,5,5,5,5) 𝑄 1,-1 / 𝑄 -1,1 𝑏,𝑜 𝑏,𝑜
(5,5,5,5,5)

𝑅 -1,1 / 𝑅 1,-1 𝑏,𝑒 𝑏,𝑜
(5, 6,6,6,6) 𝑅 1,-1 / 𝑏,𝑜 𝑃 -1,1 𝑏,𝑒 (6,6,6,6,5) 6,6,6,6,6) 𝑅 -1,3 / 𝑃 1,-3 𝑏,𝑜 𝑏,𝑒 (5,4,4,4,0) 𝑅 3,-1 / 𝑅 -3,1 𝑏,𝑜 𝑏,𝑒 (0,4,4,4,5) Table 3-1. Strengths of transitions in an asymmetric-top molecular spectrum, where, 𝑃, 𝑄, 𝑅 indicate the lines with ∆𝐽 = -1, 0 and 1, respectively; 𝑎, 𝑏, 𝑐 indicate the transition type, the subscripts mean the change of the 𝐾 𝑎 and 𝐾 𝑐 numbers; and 𝑒 represents the initial level with 𝐽 = 𝐾 𝑎 + 𝐾 𝑐 ; 𝑜 for 𝐽 = 𝐾 𝑎 + 𝐾 𝑐 -1. The numbers in brackets are the relative strengths for Ray's asymmetry constants of -1, -0.5, 0, 0.5, 1 respectively. The transitions can occur reversely between two levels, so they are shown together separated with a "/" [START_REF] Cross | [END_REF]).

𝑅 1,1 𝐵,𝑒 / 𝑃 -1,-1 𝐵,𝑜 ( 

Non-rigid rotors and centrifugal distortion perturbation

We have talked about rigid rotors above, in which, the distances between all nuclei are fixed, and the rotations are independent from vibrations. However, the coupling of nuclei is not rigid and the nuclear distance driven by the centrifugal force gets larger with molecular rotation. If the molecular vibration is taken into account, 𝐵 is no more a constant because of the variation of the moment of inertia 𝐼(𝑟) . Because light molecules have small moments of inertia, centrifugal distortion is more evident for them.

In quantum mechanics, centrifugal distortion is treated as a perturbation on the rigid rotor, therefore, the Hamiltonian for a centrifugally distorted molecule can be written as 𝐻 ̂= 𝐻 𝑜 ̂+ 𝐻 𝑑 ̂, where 𝐻 𝑜 ̂ is the Hamiltonian for the rigid rotor, and 𝐻 𝑑 ̂ is for the centrifugal distortion.

In the simplest situation, let's consider a linear molecule in a simple harmonic force field, 𝐻 𝑑 ̂= -1 2𝐼 2 𝑟 2 𝑘 𝐿 ̂4, in which 𝑘 = 4𝜋 2 𝜐 2 𝜇 is the force constant in simple harmonic movement, and 𝜐 is the vibration frequency. Hence, the energy of the centrifugal distortion in a first-order treatment

is 〈𝐻 𝑑 〉 = - ℎ 4 32𝜋 4 𝐼 2 𝑟 2 𝑘 𝐽 2 (𝐽 + 1) 2 . Defining the centrifugal distortion parameter 𝐷 = ℎ 3 32𝜋 4 𝐼 2 𝑟 2 𝑘
, we can get a compressed expression for the rotational energy,

𝐸 𝑟𝑜𝑡 = ℎ[𝐵𝐽(𝐽 + 1) -𝐷𝐽 2 (𝐽 + 1) 2 ]. (3.27)
The expression (3.23) holds only in a simple harmonic force field; if we take inharmonic movement into account, the expression should have higher order terms, such as 𝐻𝐽 3 (𝐽 + 1) 3 + 𝐿𝐽 4 (𝐽 + 1) 4 … Conventionally, 𝐷 is regarded as correction of the rotational constant, expressed as 𝐵 = 𝐵 𝑒 -𝐷𝐽(𝐽 + 1), where 𝐵 𝑒 expresses the rotational constant for the rigid frame. Because of 𝐷, the spectrum of the non-rigid rotor has energy levels displaced to low frequency and the displacement increases with 𝐽, as shown in Fig. 345.

For symmetric-top molecules, the centrifugal distortion is more complicated than for linear molecules since two quantum numbers 𝐽 and 𝐾 are needed to describe the rotational states. It is interesting that, because the rotational energy has no relation with the rotation direction (clockwise or counterclockwise), the sign of each term in the expression (such as 3.27) should have no influence on the value, and therefore all terms in the expression involve only even powers (in other words, some powers of 𝐽(𝐽 + 1) and 𝐾 2 ). In first-order treatment, the Hamiltonian of the centrifugal distortion can be expressed in a concrete form (Gordy & Cook 1984, chap. 8) but it's already beyond the objective here to summarize the basic principles. So, we simply give the energy expression of rotational energy levels with the centrifugal distortion energy with first-order approximation, for a prolate-top molecule (for an oblate-top molecule, we can just replace (𝐴 -𝐵) with (𝐵 -𝐶)),

𝐸 𝑟𝑜𝑡 = ℎ[𝐵𝐽(𝐽 + 1) + (𝐴 -𝐵)𝐾 2 -𝐷 𝐽 𝐽 2 (𝐽 + 1) 2 -𝐷 𝐽𝐾 𝐽(𝐽 + 1)𝐾 2 + 𝐷 𝐾 𝐾 4 ] (3.28)
with the selection rules, 𝐽 -𝐽 + 1 , 𝐾 -𝐾 , the frequency of rotational transitions can be expressed as

𝜈 = 2𝐵(𝐽 + 1) -4𝐷 𝐽 (𝐽 + 1) 3 -2𝐷 𝐽𝐾 (𝐽 + 1)𝐾 2 (3.29)
It is obvious that we cannot get the value of 𝐴 and 𝐷 𝐾 by fitting (3.29), because of the pure dependence of the corresponding terms in the energy and the selection rules of ∆𝐾 = 0. The physical explanation is that the second and last terms in (3.28) involve only rotation about the symmetry axis. However with centrifugal distortion, the perturbation contributes to a small distortion moment perpendicular to the symmetry axis in the rotating molecule and gives rise to shifts with 𝐾, that may allow these parameters to be determined. For an asymmetric-rotor molecule, the result of centrifugal distortion is even harder to express and in general of larger effect than for a linear or symmetric-top molecule. In asymmetric rotors, rotational transitions can occur with relative larger energy in microwave wavelengths, especially those b-type transitions with ∆𝐾 = ±1. Vice versa, the more varied transitions available in laboratory measurements, the more precise centrifugal-distortion effects to rotational constants can be deduced, and the lower will be the calculated uncertainties of the predicted frequencies. On the other hand, transitions with high 𝐽 are usually observed with large moments of inertia for linear and symmetric-top molecules, which lead to small rotational constants and rotational energies. However, high-𝐽 lines usually have larger intensities, which are significantly useful for analytical identification purpose. This fact gives rise to the unique importance for the centrifugal distortion analysis, since high-𝐽 lines suffer the effect at a larger degree.

A conventional expression of the centrifugal distortion Hamiltonian for an asymmetric rotor, requires linear combination of distortion constants in different directions, however, the resulting energy level would have an inherent indeterminacy that hinders to properly fit the experimental measurements. The Hamiltonian, which may be obtained by a contact transformation is termed a "reduced Hamiltonian", and used to fit experimental data.

In this thesis we limit the discussion to a near-prolate-top molecule, and for the more general situation, readers can consult, for example, the reference (Gordy & Cook 1984, chap. 8). In the fitting of transition frequencies, an explicit expression of the energy of the transitions is needed and in the expression, we favor all constants with fundamental meanings. There are many different choices for the reduced Hamiltonians, but two of them are most widely used: Symmetric Top (S) reduction and Asymmetric Top (A) reduction. Generally speaking, for the slightly asymmetric-top molecule with |𝑘| > 0.97, the S reduction is more often chosen and this is the case here. In the S reduction, the first orders of Hamiltonians can be expressed as:

𝐻 ̂𝑆 = 𝐻 𝑟 ̂+ 𝐻 𝑑 (4) + 𝐻 𝑑 (6) + ⋯, where 𝐻 𝑟 is the Hamiltonian for a rigid rotor, and it is

𝐻 𝑟 ̂= 4𝜋 2 ℎ [𝐴𝑙 ̂𝑎 2 + 1 2 (𝐵 + 𝐶)(𝐿 ̂2 -𝑙 ̂𝑎 2 ) + 1 4 (𝐵 -𝐶)(𝑙 ̂+ 2 + 𝑙 ̂-2 )] ,
where 𝐿 ̂2 = 𝑙 ̂𝑎 2 + 𝑙 ̂𝑏 2 + 𝑙 ̂𝑐 2 , and

𝑙 ̂± = 𝑙 ̂𝑏 ± 𝑖𝑙 ̂𝑐 . 𝐻 𝑑 (4) = 16𝜋 4 ℎ 3 [-𝐷 𝐽 𝐿 ̂4 -𝐷 𝐽𝐾 𝐿 ̂2𝑙 ̂𝑎 2 -𝐷 𝐾 𝑙 ̂𝑎 2 + 𝑑 1 𝐿 ̂2(𝑙 ̂+ 2 + 𝑙 ̂-2 ) + 𝑑 2 (𝑙 ̂+ 4 + 𝑙 ̂-4 )], 𝐻 𝑑 (6) = 64𝜋 6 ℎ 5 [𝐻 𝐽 𝐿 ̂6 + 𝐻 𝐽𝐾 𝐿 ̂4𝑙 ̂𝑎 2 + 𝐻 𝐾𝐽 𝐿 ̂2𝑙 ̂𝑎 4 + 𝐻 𝐾 𝑙 ̂𝑎 6 + ℎ 1 𝐿 ̂4(𝑙 ̂+ 2 + 𝑙 ̂-2 ) + ℎ 2 𝐿 ̂2(𝑙 ̂+ 4 + 𝑙 ̂-4 ) + ℎ 3 (𝑙 ̂+ 6 + 𝑙 ̂-6 )].
By using the S reduced Hamiltonian, we can easily obtain the expression of the energy of the molecular rotation, and then under the selection rules get the frequency of transitions to fit the molecular parameters (including rotational constants 𝐴, 𝐵, 𝐶 and centrifugal distortion parameters). In later chapters, I will take normal-propyl cyanide (n-PrCN) as an example to show the fitting process in detail.

Nuclear hyperfine splitting in molecules

Up till now, we have ignored the effects of the state of nuclei in atoms on the rotational energy levels. This effect may arise from two interactions: (1) a nuclear magnetic moment interacts with the magnetic fields of the atomic electrons or [START_REF]Diagram of atmospheric opacity-wavelengths……[END_REF] the interaction happens between the nuclear electric quadrupole moment and the surrounding charge distribution. Both these situations can cause hyperfine splitting of lines, which are observable by highly resolved spectroscopy. The first interaction is predominant in most atoms and can be called magnetic hyperfine structure, but is however not applicable for most molecules in the ground state, since the magnetic fields due to paired electrons almost completely cancel out. It is the second interaction that mostly makes differences when examining molecular spectra with high resolution and gives rise to electric quadrupole hyperfine structure. Electric quadrupole hyperfine structure can be simply regarded as the nuclear electric quadrupole moment splitting into discrete directions with respect to the molecular rotation. Electric quadrupole hyperfine structure is briefly explained here, since it is a common situation for molecular spectroscopy and has significance for n-PrCN.

We resort to the most basic expression of the electrostatic energy of a charge of a nucleus, 𝜌(𝑥, 𝑦, 𝑧)∆𝑥∆𝑦∆𝑧, where 𝜌 represents the nuclear charge density; therefore the electrostatic energy of it can be expressed as ∆𝑊 = 𝜌∆𝑥∆𝑦∆𝑧𝑉(𝑥, 𝑦, 𝑧) , in which, 𝑉(𝑥, 𝑦, 𝑧) is the distribution of electrostatic potential of the nucleus. Let 𝑉 0 be the electrostatic potential produced at the nuclear center of mass by all electronic charges in the atom, 𝑉 can be expanded by 𝑉 0 , by which, ∆𝑊 can be written as,

∆𝑊 = 𝜌∆𝑥∆𝑦∆𝑧[𝑉 0 + 𝑥 𝜕𝑉 0 𝜕𝑥 + 𝑦 𝜕𝑉 0 𝜕𝑦 + 𝑧 𝜕𝑉 0 𝜕𝑧 + 1 2 𝑥 2 𝜕 2 𝑉 0 𝜕𝑥 2 + 1 2 𝑦 2 𝜕 2 𝑉 0 𝜕𝑦 2 + 1 2 𝑧 2 𝜕 2 𝑉 0 𝜕𝑧 2 + 𝑥𝑦 𝜕 2 𝑉 0 𝜕𝑥𝜕𝑦 + 𝑦𝑧 𝜕 2 𝑉 0 𝜕𝑦𝜕𝑧 + 𝑧𝑥 𝜕 2 𝑉 0 𝜕𝑧𝜕𝑥 + ⋯ + 𝑥 𝑛 𝑦 𝑚 𝑧 𝑝 𝑛!𝑚!𝑝! 𝜕 𝑛+𝑚+𝑝 𝑉 0 𝜕𝑥 𝑛 𝜕𝑦 𝑚 𝜕𝑧 𝑝 + ⋯ ]. (3.30)
Integrating, we can obtain the expression of the electrostatic energy of the entire nucleus, as 𝑊 = ∫ ∆𝑊𝑑𝑣. The constant term of the integration simply gives 𝑍𝑒𝑉 0 , where 𝑍 is the atomic number of the nucleus and 𝑍𝑒, its total charge.

The first derivative terms in the expression, such as

𝜕𝑉 0
𝜕𝑥 ∫ 𝑥𝜌(𝑥, 𝑦, 𝑧)𝑑𝑣 are zero, since no dipole moment may exist in nature without degeneracy. A detailed mathematical discussion is given in (Townes & Schawlow 1975, chap. 6). Moreover, all terms in the integration involving odd powers of the coordinates will normally be zero. However, terms such as ∫ 1 2 𝜌𝑥 2 𝑑𝑣 and ∫ 𝜌𝑥𝑦𝑑𝑣 are not necessarily zero. These even power terms are associated with the quadrupole moment of the nucleus. By approximately evaluating the magnitude of these even power terms, we need only to consider the second derivative ones. For example fourth powers of the coordinates associated with the nuclear hexadecapole (16-pole), are expected to be much smaller than the quadrupole terms by a factor of roughly 10 8 .

For further simplification, we subtract the energy 𝑊 1 containing second derivatives of the potential which does not vary with nuclear orientation and is zero for most situations (a more elaborated discussion can be found in Townes & Schawlow 1975, chap. 6). 𝑊 1 is expressed as

𝑊 1 = ∫ 1 6 𝜌(𝑥 2 + 𝑦 2 + 𝑧 2 )( 𝜕 2 𝑉 0 𝜕𝑥 2 + 𝜕 2 𝑉 0 𝜕𝑦 2 + 𝜕 2 𝑉 0 𝜕𝑧 2 )𝑑𝑣.
𝑥 2 + 𝑦 2 + 𝑧 2 can be noted as 𝑟 2 ; then the remaining terms attributed to a nuclear electric quadrupole may be written as

𝑊 𝑄 = 1 6 ∫ 𝜌[(3𝑥 2 -𝑟 2 ) 𝜕 2 𝑉 0 𝜕𝑥 2 + [(3𝑦 2 -𝑟 2 ) 𝜕 2 𝑉 0 𝜕𝑦 2 + [(3𝑧 2 -𝑟 2 ) 𝜕 2 𝑉 0 𝜕𝑧 2 + 6𝑥𝑦 𝜕 2 𝑉 0 𝜕𝑥𝜕𝑦 + 6𝑦𝑧 𝜕 2 𝑉 0 𝜕𝑦𝜕𝑧 + 6𝑧𝑥 𝜕 2 𝑉 0 𝜕𝑧𝜕𝑥 ] 𝑑𝑣 (3.31)
which can be regarded as the inner product between the quadrupole moment tensor 𝑸 = ∫(3𝒓𝒓 -𝑟 2 𝑰)𝜌𝑑𝑥𝑑𝑦𝑑𝑧 and the gradient of the electrostatic potential 𝛁𝑽 𝟎 , expressed as

𝑊 𝑄 = - 1 6 𝑸: 𝛁𝑽 𝟎 .
In 𝑸, the expression of the matrix is 3𝒓𝒓 -𝑟 2 𝑰 = (

3𝑥 2 -𝑟 2 3𝑥𝑟 3𝑥𝑧 3𝑥𝑦 3𝑦 2 -𝑟 2 3𝑦𝑧 3𝑥𝑧 3𝑦𝑧 3𝑧 2 -𝑟 2
). By a proper choice of axes any symmetric tensor such as the quadrupole moment tensor may be diagonalized. Moreover, we further simplify the form of 𝑸 since the nuclear particles rotate much more rapidly than the change of positions of electrons or charges outside the nucleus so that the electrostatic potential gradient may be considered constant. Therefore if we use a new coordinate system with 𝑧 𝑛 in the direction of the nuclear spin (𝑥 𝑛 and 𝑦 𝑛 for the other two perpendicular directions), all nondiagonal terms of 𝑸 become zero, the diagonal terms are simply related, ∫ ρ(3x n 2 -r 2 )dv = ∫ ρ(3y n 2 -r 2 )dv = -1 2 ∫ ρ(3z n 2 -r 2 )dv . The entire quadruple moment tensor may hence be expressed in terms of one constant as

𝑄 = 1 𝑒 ∫ 𝜌(3𝑧 𝑛 2 -𝑟 2 ) 𝑑𝑥𝑑𝑦𝑑𝑧, (3.32)
where 𝑒 is the charge of a proton. Then the quadrupole energy becomes

𝑊 𝑄 = 𝑒 6 𝑄 [ 𝜕 2 𝑉 𝜕𝑧 𝑛 2 - 1 2 ( 𝜕 2 𝑉 𝜕𝑥 𝑛 2 + 𝜕 2 𝑉 𝜕𝑦 𝑛 2 )].
For a quantum mechanical expression, we define the spin quantum number of a nucleus as 𝐼, the quadrupole coupling energy of the electric quadrupole interaction can then be expressed as

𝑊 𝑄 = 1 2 𝑒𝑄𝑞 𝐽 𝐼(2𝐼-1)𝐽(2𝐽-1) [ 3 4 𝐶(𝐶 + 1) -𝐼(𝐼 + 1)𝐽(𝐽 + 1)], (3.33) 
where 𝐶 = 𝐹(𝐹 + 1) -𝐼(𝐼 + 1) -𝐽(𝐽 + 1), and 𝐹 is the quantum number for the total angular momentum, which takes the integers between and including 𝐽 + 𝐼 and |𝐽 -𝐼|. In (3.33), the term 𝑒𝑄𝑞 𝐽 is always expressed together, called coupling parameter and designated by 𝜒 which involves both the nuclear quadrupole moment 𝑄, and 𝑞 𝐽 , the second derivative of the potential along the axis of electronic angular momentum. 𝜒 has three non-zero components 𝜒 𝑎𝑎 , 𝜒 𝑏𝑏 , 𝜒 𝑐𝑐 in the first-order approximation (Gordy & Cook 1984, chap. 9), with the subscripts designating the principal axes of the molecule, and because Laplace's equation holds, there exists the relation,

𝜒 𝑎𝑎 + 𝜒 𝑏𝑏 + 𝜒 𝑐𝑐 = 0, (3.34) 
so there are only two independent coupling parameters in the most general cases. In the fitting, 𝜒 can be computed together with the rotational and centrifugal distortion parameters when transitions showing clear electric quadrupole hyperfine structure are taken into account. A molecule may contain more than one nucleus that produce an observable hyperfine splitting in its spectrum, but this is a more complicated situation not seen in PrCN, readers can consult, for example, (Gordy & Cook 1984, chap. 9) and (Townes & Schawlow 1975, chap. 6) for further information.

Hindered internal rotation

Let's consider a particular molecular motion where one part of the molecule carries out rotation around the other part but is not completely free to rotate. The motion with relatively large amplitude shows traits intermediate between a vibration and a rotation and can be called hindered internal rotation, which is evident in a molecule with a methyl group. We divide such a molecule into the symmetric top (methyl group) and the other part the asymmetric frame for explaining the motion. Generally, threefold barriers to internal rotation related to the methyl group are observed in microwave spectrum. However, if the frame provides additional symmetry, sixfold barriers are also possible. Conformers of n-PrCN show hindered rotation and we can limit the discussion to threefold barriers.

Let's take g-n-PrCN as an example with the Newman projections of the two configurations shown in Fig. 3456. The eclipsed configuration with the internal angle α ≈ 0 exhibits the energy maximum while the staggered configuration with α ≈ 60ᵒ is the energy minimum. During the motion in a circle with α from 0 to 360ᵒ, there are three equal positions of minimum energy.

There are also three positions of maximum energy that constitute the threefold potential barriers.

To illustrate the hindered rotation, the energies of the barriers are important because the two limiting motions are very different: free rotation with very small barriers and staggered oscillation trapped in the potential well when the barriers are infinitely high. Generally, a harmonic approximation is enough to describe the latter case. In reality, the motion is interposed between the two limits, i.e., a finite barrier, in which the quantum-mechanical tunneling effect occurs. Tunneling leads to the molecule passing from one configuration to another through the barrier, which makes the real motion somewhat both rotation and oscillation. The effect in the spectrum is to split the triply degenerate levels, corresponding to the three minima of the potential wells, into two levels, a non-degenerate level designated as an A level and a doubly degenerate level designated as an E level. Figuratively speaking, the internal motion for the A levels resembles a back-and-fourth oscillation localized in the potential wells; the internal motion of the E levels has some of the character of free rotation passing from one potential well to another by tunneling, the degeneracy of the latter being related to the two possible directions of the rotation. The selection rule is that the transitions in these sub levels can only occur in the same branch respectively, namely A to A and E to E. For situations of high barriers, which is the case of n-PrCN, the torsion effect can be treated as a perturbation of rotational transitions. The torsion effects in rotational spectra of an asymmetric rotor is that for a given rotational transition associated with the A and E sublevels of a particular torsional state a doublet rather than a single line is shown, because of the two different couplings with A and E sublevels. The separation of the doublet is sensitive to the barrier height. With high barriers the doublet is hardly resolved, which is the situation in low vibrational states. Additionally, the perturbation of internal rotation should be considered in different molecular symmetry cases; a correlation of rotational levels and transitions for high-barrier situations is illustrated in Fig. 34567. The asymmetric structure introduces the split of transitions into two levels from a symmetric rotor, and the hindered internal rotation with high barriers is observed to split each level into two sublevels, which shows two similar-intensity components in the rotational spectrum. Close to the symmetric limit, A sublevels of each 𝐽, 𝐾 level are almost degenerate, and this causes split transitions with a pattern of 2:1 (2 for the A component and 1 for the E component) especially in a not highly resolved spectrum, which is the case here. For a totally symmetric rotor, three sublevels correspond to one rotational level, however, only one line is allowed. In our case, only a relatively small number of transitions showed internal rotation splitting, and for these, differences between A and E were small. Hence, we did not carry out a full internal rotation analysis and fitted to the center frequencies of split transitions while increasing their uncertainties. This will be explained in the sixth chapter.

To quantitatively illustrate the characteristics of the internal rotation splits, fitting of the frequency separation of the two components may be used, which was performed for the internal rotation ground states of n-PrCN by (Vormann & Dreizler 1988). With a program named AC3IAM which was developed by (Woods 1966(Woods , 1967)), parameters of the reduced barrier 𝑠, the moments of inertia 𝐼 𝛼 of the methyl group, and the angles ∢(𝑔, 𝑖) between the internal rotation axis 𝑖 and the inertia axes 𝑔 𝑎 , 𝑔 𝑏 𝑎𝑛𝑑 𝑔 𝑐 chosen by IAM (Internal-Axis Method) can be determined. IAM is one of the two most used methods to handle the problem of internal rotation and more applicable for the slightly asymmetric molecules with light frames; the other method is named PAM (Principal-Axis Method). The choice of the inertia axes of the frame in IAM is to eliminate or minimize the rotation-torsion coupling for more friendly treatment of perturbation theory, and thus the inertia axes are not the principal system. For further information and detailed comparison of the two methods, a review (Lin & Swalen, 1959) can be referred to. 

Coriolis interaction and Fermi resonance

Coriolis resonance happens between molecular vibrational levels with similar energy values in a rotating molecule. Coriolis resonance arises from the inertial Coriolis force. Explaining the Coriolis phenomenon in a classical situation is an intuitive method to understand the resonance in a polyatomic molecule. A mathematical expression for the Coriolis force was first given by the French engineer Gaspard-Gustave Coriolis in 1835. A particle moving in linear motion in an inertial coordinate frame, appears to be following a curved trace to an observer within a frame of reference that rotates with respect to this inertial frame. So if the movement is studied in the rotating coordinate frame, it is seemly driven by a centrifugal force. This fictitious force is called Coriolis force and its value and direction is 𝑭 = 2𝑚𝒗 × 𝝎, where 𝒗 is the vector velocity of the particle with respect to the rotating system, 𝑚 is its mass and 𝝎 is the vector angular velocity of the rotating reference frame. Our earth is a rotating system, therefore quite a lot of natural phenomena, such as the opposite floating directions of the atmosphere in the Southern and Northern hemisphere, the formation of tropical winds can be explained in terms of the Coriolis force. Now let's consider the molecular system. In the molecular vibrationrotation movement, the vibration can be analogous to a linear movement, therefore the rotation of the whole molecule can contribute to the deformation of the vibration, and may give rise to the coupling of two similar vibrational modes. For an example, let's consider the molecular configuration shown in Fig. 3-8 (Townes & Schawlow 1975, chap. 2), the molecule has three atoms and it has three possible vibration modes (v1, v2 and v3), the vibrational directions of the atoms are shown with solid straight arrows, and the curved arrows indicate the rotational direction of the whole molecule. For each vibration the additional Coriolis force is represented with a dashed arrow. It is evident that for the v3 mode under the influence of Coriolis forces, the movement tends to excite some motion of the mode v2, and hence a Coriolis resonance happens.

The linear triatomic molecule has two degenerate modes of bending in the xz plane and yz plane (the z axis is along the molecular bonds). However it is only if the molecule is not rotating that the two bending motions have the same frequency. If the molecule is rotating about the x (or y) axis, then the effective moments of inertia about the axis of rotation are different for the two cases. It can be seen from Fig. 345678, for the molecule rotating about the axis perpendicular to the page, the bending, indicated by solid lines, in v2 must be affected by the Coriolis force, but for the other bending parallel to the rotation, the Coriolis force is zero. As a result of this vibrationrotation interaction, the two degenerate energy levels are slightly split, the splitting being called l-type doubling.

Resonant Coriolis interactions between two vibrations have been studied quite often as we illustrated above, however a much less investigation has been given to molecules with more than three atoms. The phenomenon in these cases is somewhat more complicated as two types of selection rules are possible for the transitions. For a-n-PrCN with CS symmetry, the interacting states are the fundamental state v18 = 1 and the overtone state v30 = 2, which belong to symmetry class a' and a'' respectively and make both a-type and c-type Coriolis coupling possible. The two interactions take place about the a or c principal axis respectively. For asymmetric-top molecules, the selection rules are ∆𝐽 = 0 in both cases and additionally ∆𝐾 𝑎 = 𝑒𝑣𝑒𝑛, ∆𝐾 𝑐 = 𝑜𝑑𝑑 for a-type Coriolis coupling, while ∆𝐾 𝑎 and ∆𝐾 𝑐 are exchanged in parity for c-type. a-type Coriolis coupling is weaker than c-type in our case because perturbed transitions are mainly from neighboring 𝐾 𝑎 levels of the two states. a-type Coriolis coupling has a global character meaning that the perturbations due to the a-type interaction could be described by effective parameters for the two states individually without affecting the final fit; therefore we take c-type Coriolis coupling as the only consideration to explain our treatment. A small energy difference between the states indicates possible Coriolis coupling. The Coriolis coupling parameter 𝐺 𝑐 is related to the dimensionless constant 𝜁 and derived via the definition (3.37),

𝐺 𝑐 = 𝜁 12 𝐶[ √ 𝜔 1 𝜔 2 + √ 𝜔 2 𝜔 1 ], (3.37) 
where, the subscripts represent the interacting states. 𝐶 is the rotational constant of the ground state. 𝜔 is the harmonic frequency indicating the ideal frequency in harmonic vibrations approximately and does not differ significantly from the observed frequencies. 𝜁 is calculated ab initio from the harmonic force field. Some cases of calculations have already been incorporated in publications (Kisiel et al. 1997a;1997b, Müller et al. 2002)). Moreover the second-order coupling constant (analogous to 𝜁 for the first-order) can be also derived by ab initio calculations. A detailed quantum mechanical explanation about the determination of dimensionless Coriolis coupling constants and hence the dimensioned Coriolis coupling parameters from the force field can be found in the textbook (Papoušek & Aliev 1982, chap. 17).

Ordinarily, the values of Coriolis coupling parameters may be determined from the separation between the lines within the same rotation of two adjacent vibrational states, and vice versa, the frequency difference may be obtained from their values (an example involving OCS is presented in (Townes & Schawlow 1975, chap. 2)). However, in all polyatomic molecules there are additional perturbations between vibrational states which shift the energy levels and make somewhat inaccurate the coupling parameters obtained from the simple application of this rule. Such perturbations between vibrational states were first noticed in abnormal lines of CO2 in Raman and infrared spectroscopies, and are generally called "Fermi resonance" effects because they were explained by Fermi as due to interaction between two states of nearly the same energy.

Fermi resonance is due to anharmonic effects of the vibration, detailed explained in (Townes & Schawlow 1975, chap. 2). The perturbation interactions depend not only on the energies of vibration, but also on symmetry properties. For an asymmetric molecule, the consideration of Fermi coupling can be expressed by introducing coupling parameters 𝐹 and 𝐹 𝐾 , leading to the interaction between two states expressed as

𝑖𝐺 𝑐 𝐽 𝑐 + 𝑖𝐺 𝑐𝐽 𝐽 𝑐 𝐽(𝐽 + 1) + 𝐹 + 𝐹 𝐾 𝐾 2 … (3.38)
The parameter 𝐹 has a coefficient of 1, meaning off-diagonal energy correction. The set of coupling parameters are employed by SPFIT, which will be explained in detail in chapter 4, however, it should be noticed that there is not a unique parameter set describing the coupling phenomenon.

Partition function

The partition function (𝑄) is used to calculate the total number of molecules of a given species from the intensity of spectral lines of that species, assuming that thermodynamic equilibrium is achieved. It is the ratio of total amount of a molecule in all possible states (𝑁) to its amount in the ground state (𝑛 0 ), which can be expressed as,

𝑄 = 𝑁 𝑛 0 = 1 + 𝑒 -𝜀 1 /𝑘𝑇 + 𝑒 -𝜀 2 /𝑘𝑇 + 𝑒 -𝜀 3 /𝑘𝑇 …, (3.39) 
where, 𝜀 𝑖 is the energy of a certain state, relative to the ground state, 𝑘 is Boltzmann's constant and 𝑇 is the absolute temperature. Assuming that the different motions of the molecule can be separated, the partition function 𝑄 can be written as 𝑄 = 𝑄 𝑒 𝑄 𝑣𝑖𝑏 𝑄 𝑟𝑜𝑡 .

(3.40)

The subscript 𝑒 is for electronic movement, 𝑣𝑖𝑏 for vibration and 𝑟𝑜𝑡 for rotation. Usually, it is valid to assume 𝑄 𝑒 = 1 because of the difficulty in electronic excitation. We treat it decoupled from the others. 𝑄 𝑣𝑖𝑏 × 𝑄 𝑟𝑜𝑡 is of more astronomical interest. 𝑄 𝑣𝑖𝑏 can be calculated by experimental or theoretical values of the energies of the vibrational states as in (3.39). By taking 𝑄 𝑣𝑖𝑏 into account (hence not assuming it to be equal to one) for molecules with lowlying vibrational states, the molecular column density can be better estimated from radio astronomy spectra.

𝑄 𝑟𝑜𝑡 = 𝑁 𝑣=0 𝑛 𝐽,𝑣=0
, where 𝑁 𝑣=0 indicates the number of molecules in the ground vibrational state and 𝑛 𝐽,𝑣=0 those in ground rotational state 𝐽 = 0 of the ground vibrational state. Similarly, the calculation of 𝑄 𝑟𝑜𝑡 can be made similarly to (3.39), however, we should pay attention to the degeneracy of rotational levels 𝑔 𝐽 = 2𝐽 + 1, so that the rotational partition function is written:

𝑄 𝑟𝑜𝑡 = ∑ (2𝐽 + 1)𝑒𝑥𝑝 (-𝐸 𝑟𝑜𝑡,𝐽 /𝑘𝑇) 𝐽 . (3.41) 
The program SPCAT (detailed information in section 4.5) can be used to calculate the rotational partition function from the sum of calculated energy levels based on the molecular parameters.

Chapter 4 Measurements and analysis procedure

All our experiments were carried out at the I. Physikalisches Institut, University of Cologne, Germany and the following spectroscopic analysis at Institut de Recherche en Astrophysique et Plané tologie (IRAP), Toulouse, France. The experimental setup can be broadly catalogued as radiation source, absorption cell, and detection chain. Because several frequency bands over a wide range were covered for the absorption spectra of n-PrCN, different experimental configurations were used. Also measurements were not taken all together but in several measurement sessions during the ongoing analysis. Two kinds of experiments, single-line and broadband scans were undertook. Single-line scans were employed for displaying necessary details, such as weak transitions, hyperfine structures of the lines and also to give the first strong lines for testing the primary molecular parameters. Then broadband scans provided us with multiple measured lines to be fitted later. A commercial sample of n-PrCN (bought from Sigma-Aldrich) was used without further purification. Control and acquisition were by means of a LabVIEW environment running on a PC with GPIB or Ethernet interface to the synthesizer and lock-in. The whole setup of the measurement at 171 -251 GHz is depicted for illustration in Fig. 4-1. Then iterative analyses are performed for updating the molecular parameters. To illustrate the process, the programs used for fitting (SPFIT) and predicting (SPCAT) the molecular transitions are illustrated first and then how the fits start and continue is briefly explained for preparation of the next chapters. 

Radiation sources

The frequency in the lowest range of 36 -70 GHz was directly obtained by an Agilent E8257D microwave synthesizer, which was referenced to a rubidium atomic clock. For the three higher ranges (89.25 -126.75, 171 -251 and 310 -506 GHz), the desired frequency was produced by a Rohde & Schwarz SMF 100A microwave synthesizer followed by amplifier-multiplier chains (AMC). The operating frequency of the SMF 100A had a range slightly larger than 30 -42 GHz, multiplied by a tripler (Virginia Diode, Inc, VDI) for measurements from 89.25 -126.75 GHz. For the higher frequency ranges of 171 -251 and 310 -506 GHz, we continued to use the SMF 100A, to drive the AMC of a VDI WR9.0 THz starter kit. The WR9.0 incorporates independent multiplier modules to produce different frequency ranges. For 171 -251 GHz, the WR4.3 module was used to achieve 18 times multiplication and about 3 mW middle range output power. For 310 -506 GHz, WR2.2 was used to give 36 times multiplication and about 0.18 mW maximum output power. The radiation source was connected with a horn antenna through a semi-rigid cable to feed the radiation into the cell.

The radiation sources were set frequency modulation (FM) during the experiments. The modulation frequency 𝑓 𝑚 was optimally set to about half the linewidth, hence typically 250 kHz around 300 GHz. As the modulation frequency 𝑓 𝑚 applied to the microwave synthesizer, the correct value could be derived from division by the multiplying factor of each setup.
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Absorption cell

The radiation from the horn antenna enters the absorption cell after passing through a wire-grid polarizer. A polyethylene lens placed between the polarizer and the absorption cell matches the radiation beam to the cell. A rooftop mirror at the other side of the cell reflects the radiation and changes the polarization of the radio wave by 90º . The orthogonal polarization inhibits interference between the forward and backward beams. There is hence an increase of the sensitivity through a doubling of the source-sample cross section. At frequencies below 127 GHz, two connected 7 m long absorption cells were employed, while at higher frequencies we used a cell with the length of 5.1 m. The longer absorption cells improve sensitivity at lower frequencies whereas adjustment of the beam is more difficult at high frequencies. All cells have an inner diameter of 100 mm. At the entrance and exit of the cell, tilted Teflon windows (about 52 -54ᵒ from the vertical, the angle is the Brewster angle between air and Teflon to suppress the surface reflections), which are transparent to the millimeter wave, were installed (as shown in Fig. 4-2). The windows help to reduce spurious reflections and hence reduce the formation of standing waves. The latter are a cause of background fluctuations during measurements.

During experiments, the pressure of the cell was kept around 1 Pa monitored by a pressure gauge, therefore the Doppler broadening gave approximate Gaussian line profiles since collisional broadening can be mostly neglected at this pressure. The measurements were carried out at room temperature but the inlet system was heated to about 50 ℃ to achieve a stable pressure in the cell and prevent condensation blocking the needle valve used for flow adjustment. 

Detection chain

The signal reflected by the wire-rigid polarizer was fed to the detector though another horn antenna. Schottky diodes were utilized to detect output power during the whole measurements.

The interaction of the beam with the gas through molecular absorption causes amplitude modulation of the average power because of the applied frequency modulation. The received signal is then translated into a form containing harmonics of the modulation frequency 𝑓 𝑚 , i.e., 𝑓 𝑚 , 2𝑓 𝑚 , 3𝑓 𝑚 … The signal was coupled to a selective amplifier (Model 189, EG&G-PARC, co.), through which, only the 2𝑓 𝑚 component (twice the modulation frequency) passed to the lock-in amplifier (7260, EG&G Instruments), which demodulates the signal. The demodulation at 2𝑓 𝑚 causes an isolated line to appear approximately as a second derivative of a Gaussian. This is easier than the first derivative line shape (that would be produced with demodulation at 𝑓 𝑚 ) for identifying the line center because in the second derivative line shape, the central frequency can be easily identified, whereas the line frequency in the first derivative, by zerocrossing detection, is harder in a spectrum with a fluctuating baseline. It also reduces background oscillations. In our measurements below 251 GHz, the Schottky diodes were negatively biased using a home-built low noise analogue amplifier. A tiny negative bias (several hundreds of mA) decreases the impedance of the detector, so as to give a better power matching, and thus reduces the spectral baselines arising from the power reflected from the detector. For the detection at 310 -506 GHz, diodes were not suitable for negative bias, so a commercial low noise preamplifier (5113, Signal Recovery) was employed to filter and amplify the measured signals without bias. Since no voltage is provided to the Schottky diodes, it is safer to measure strong lines in the high frequency range.

Control and acquisition

The microwave generator and lock-in amplifier were controlled by a LabVIEW environment. Generally successive sweeps of upward and downward scans were taken and then co-added for the spectral recording. This eliminates any shift in the frequency caused by the time constants.

In the region from 36 -70 GHz, the point spacing was 20 kHz, and at each point, data were accumulated for 20 ms. In the region from 89.25 -126.75 GHz, the point spacing was 60 kHz, from 171 -251 GHz, 63 kHz and from 310 -506 GHz, 144 kHz. We carried out large spectral scans of around 6 -7 GHz taking typically several hours to acquire. For the single line measurement, smaller sections of 2 to 6 MHz widths around the predicted positions were used with integration times that reached up to 50 min for 6 MHz.

Analysis with SPFIT and SPCAT

One of the objectives of our work is to give a set of more complete and accurate molecular parameters, so as to improve the predictions of the molecular rotational transitions used for astrophysical observations. The program used to refine the molecular parameters is SPFIT and the program for cataloguing the predictions is SPCAT. SPFIT and SPCAT are based on the subroutines developed by Herbert M. Pickett in C language with a relation between input and output shown in Fig. 4-3. SPFIT and SPCAT are copyrighted to JPL, but made freely available as a service to the spectroscopic community (they can be downloaded from https://spec.jpl.nasa.gov/ftp/pub/calpgm/).

In the ".lin" file the information on assigned transitions is compiled, and the format is shown in Fig. 4-4. SMAP provides the quantum numbers and frequencies of the transitions in the correct format as the ".lin" file (see Appendix A). But the user has to add information on the uncertainty of each line taking into account the quality of the latter. Each transition occurs between two rotational levels, which are represented by the quantum numbers with at most

Chapter 4 Measurements and analysis procedure 53 twelve integers. In our case, we use a default format of 10 integers, with five numbers 𝐽, 𝐾 𝑎 , 𝐾 𝑐 , 𝑋 and 𝐹 representing one rotational level of the two. 𝑋 is the identifier chosen by the user to sort the data into groups, and the other quantum numbers are defined in Chapter 3. We use the identifier X to distinguish transitions in different vibrational states and define whether hyperfine structure is taken into account or not. For an absorption spectrum (our case), a transition is expressed as final level (upper level) first and then initial level (lower level). After the transition, the frequency is expressed in MHz (it can also be expressed in cm -1 , by adding a minus sign before). The next entry is the experimental uncertainty assigned by the user. Based on the shape and quality of the measurement an evaluation was made by attributing a value typically between 0.01 and 0.1 MHz. Some typical situations are shown in Fig. 45. In (a) the measured peak has a good shape; the up and down slopes are symmetric and it has no abnormal broadening or significant noise, so the attributed uncertainty is 0.01 MHz. In (b), the two lines of the ground state of the gauche conformer are quite close to each other, and the overlap of the wings causes some asymmetry; in this case, the uncertainty can be 0.02 -0.05 MHz depending on the degree of overlap. In (c), the two measured peaks of v28 = 1 and v29 = 1 are so close, that even the main lobes overlap, so an uncertainty between 0.05 -0.10 MHz is attributed. When the two peaks further approach each other in frequency, they can merge as (d). In this case we don't make the assignment. In (e), several predictions are close enough in frequency to be totally overlapped. SPFIT can then use the weighted average to treat the assignment (see Fig. 4-6 and the next Chapter 4 Measurements and analysis procedure 54 paragraph), and the attributed uncertainty is around 0.02 -0.05 MHz. In (f), the measured peak is noisy so that we can determine the center by smoothing, and we give an uncertainty of about 0.05 MHz. In some cases, the shapes of peaks are good, and the noise is low but the assignments cannot be fitted well, with a large residual surpassing three times the uncertainty (3σ). These lines are denoted with an uncertainty of 9999 to be temporarily weighted out from the fit (see the expression (4.2)), and then examined more closely later to try to determine the cause of the discrepancy.

After the uncertainty, the relative weight is listed. Sometimes several predictions come together to share one line (as shown in Fig. 456). SPFIT makes a weighted average as in (4.1) to calculate the center frequency (𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 ) for these predictions (𝑓 𝑖 ) using the relative weights (𝑤 𝑖 ) assigned by SMAP.

𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 = ∑ 𝑤 𝑖 𝑖 𝑓 𝑖 ∑ 𝑤 𝑖 𝑖 (4.1)
And then the center frequency is compared with the measured frequency to calculate the residual.

Prolate pairing (shown in Fig. 456) is the most common situation to use an average frequency for n-PrCN in its low 𝐽 high 𝐾 𝑎 transitions (similarly, oblate pairing is another consideration occurred more in gauche-n-PrCN, but the transitions involved usually have high 𝐽 low 𝐾 𝑎 ). Simply speaking, prolate paring is caused as the degeneracy of the 𝐾 number in a very nearprolate-top molecule is not lifted very much. Therefore the energy between different 𝐾 𝑐 numbers but the same 𝐽 and 𝐾 𝑎 numbers is so small that the transitions between these levels can share one measured peak (which will be explained in chapter 5 as a comparison between the two kinds of paring we observed in n-PrCN). The interaction of the electric quadrupole of the nuclei with the electronic field gradient gives rise to quadrupole hyperfine structure, so that the rotational levels may split into several sub levels as (b). Because these sub levels have a narrow energy difference, the transitions between them have a similar energy. Other than these two situations, the transitions may accidently have a similar frequency, and SPFIT also calculates their weighted center position for the fitting (the situation as Fig. 4-5 (e)).

After "//", users can make comments that the program doesn't read. The first comment such as "8.317" we made in the example shown in Fig. 4-4 is the "adjustment". As explained in the "simulation setting" sub panel of SMAP, the "coarse" and "fine" adjustment can be made to change the amplitude of the predictions. In the .lin file, we can record this value to trace the intensities of measurements. Practically, the assignment is done in the order of increasing 𝐾 𝑎 number, and the intensities of the measured peaks change largely in the same 𝐾 𝑎 number because the transitions occur in a large range of frequency with the sensitivity of the spectrometer varies. By recording the adjustment as a comment, we can then sort the assignments by frequency, so the amplitude change of predictions should float gently. Therefore, we can find the abnormal value and check the measurement. Vice versa, the value of "adjustment" can give us the information of relative amplitude of the measured lines. Then we made comments about the qualities of lines measured (such as "touching", "overlap", "merge" in Fig. 45), to give the information about the uncertainty and make subsequent checking easier. After that, the comments are made by SMAP, such as "69707", which stands for the code attributed to the molecule and vibrational state, "s" indicating S reduction which is used to reduce the molecular Hamiltonian, "-0.025" MHz the shift (for example) of the lines compared with the present predictions at the time of the assignment. This number can show us the shift trend within the same 𝐾 𝑎 number, it can also help us to find abnormal assignments which have different shifts from others, and it is very important information to show possible vibrational coupling which I will talk about in Chapter 6.

One of the important results from SPFIT is the updated .par file (.par file is also input for the iterative fits), which consists of the best values of the molecular parameters. The parameters are updated to reduce the difference between the predicted and measured frequencies as

𝑊𝑅𝑀𝑆 = √ ∑ ( 𝛿(𝑖) 𝑒𝑟𝑟(𝑖) ) 2 𝑖 𝑁 , (4.2)
where 𝑊𝑅𝑀𝑆 is short for weighted root mean square deviation, whose value is calculated in the .fit file. The residual of each transition assigned, 𝛿(𝑖) , is the difference between the predicted and measured frequency. 𝑒𝑟𝑟(𝑖) is the uncertainty we assigned to each of the assignments. 𝑁 is the number of transitions used in the calculation. After new assignments added, uncertainties of the assignments changed or a new set of parameters introduced, 𝑊𝑅𝑀𝑆 changes and the fits hence run for minimizing it. An example of the .par file is shown in Fig. 4567. The first line in the file is the title, generally including the molecular name, the vibrational state and the time to do the fit. On the next line, some values are given to control the fit. "22" shows the number of parameters used for the fitting. If the value is smaller than the number of parameters listed below, only the first parameters allowed by this number are used; if the value is larger, it is automatically reduced in SPFIT to the actual number of parameters. "1757" shows the maximum number of lines to be read by SPFIT and this number may have a minus sign to designate that up to 10 quanta per state are allowed. Next to it, "7" is the maximum times of iterations. Next is the threshold, in this example, 3.0000E+03. It means the program initially allows residuals up to 3000 times larger than the uncertainty in the .lin file. It can subsequently be reduced, for example to 3, meaning that any assignment with a residual more than 3 times larger than the uncertainty will be excluded from the fit. This can be used to show lines that need to be checked. The parameters for the S reduced Hamiltonian used in the example for fitting lines and giving new predictions include (1) rotational constants, 𝐵 to roughly define the energy of rotational levels and 𝐴, 𝐶 for asymmetric corrections; (2) centrifugal distortion parameters for the S reduction, such as -𝐷 𝐽 , -𝐷 𝐽𝐾 , -𝐷 𝐾 , 𝑑 1 , 𝑑 2 …to the order required for the non-rigid corrections (following convention, 𝐷 𝐽 , 𝐷 𝐽𝐾 , 𝐷 𝐾 are always defined with minus values, which can be found in the expressions of the S reduced Hamiltonian in section 3.3.4); (3) 𝜒 𝑎𝑎 , 𝜒 𝑏𝑏 , 𝜒 𝑐𝑐 for hyperfine structure (hyperfine parameters are not independent, following 𝜒 𝑎𝑎 + 𝜒 𝑏𝑏 + 𝜒 𝑐𝑐 = 0) (4) energy constant 𝐸. The option information is from the third line to the fourth line in this example. For multiple lines, the first line is used to set the behavior for all the vibrational states, and the successive lines modify the behavior for individual state respectively. In each line, "s" stands for S reduction, and can be changed to "a" for A reduction. Afterwards, it is the degeneracy of spins. For the first option line, the sign matters as positive means an asymmetric top and the negative a symmetric top. For successive lines, the values refer to the degeneracy of spins for each state, and the sign for these values is ignored by the program. The next field has different meanings in the first line and the successive lines. In the first line, the sign means the type of asymmetric tops: a positive sign for prolate tops and negative oblate; the value means the number of vibrational states considered in the fit. From the second line, the sign of this field is ignored by SPFIT, but the value means the code of this state (which is defined 𝑋 as explained in .lin files). The next two fields, "0" and "60" in the example, give the minimum and maximum 𝐾 values. If both are set 0, then linear molecule is selected. The next field ("0" after "60"), ignored on all but first option line, means a binary flag for inclusion of spin-spin interactions. It is set defaulted value "0", meaning all interactions included. The following "1" means the axis chosen for statistical weight, and "1" in our case is for a axis (other digits can be found their indications on the instruction documentation for SPFIT and SPCAT, https://spec.jpl.nasa.gov//ftp//pub/calpgm/spinv.pdf). The other two "1" are statistical weights for even and odd state respectively. The last but two field means whether the optional lines is single or multiple. For the single line case, the value should be positive or zero in the first line, while when multiple lines case, the last line is labeled zero, and others are negative. The last field but one, "1" means full projection assignment and the last "0" means no forcing for force phase choice; these two fields are always set default in our case.

a-n-PrCN v30=0

Wed Oct 18 17:56:57 2017 22 1757 7 0 0.0000E+00 3.0000E+03 1.0000E+00 1.0000000000 s 1 2 0 60 0 1 1 1 -1 1 0 s 3 1 0 60 0 1 1 1 0 1 0 10099 The parameters in the .par file follow the option lines. At the beginning of each line, a parameter identifier is explained for example in the documentation of SPFIT and SPCAT: all before the last two repeated digits code is the parameter, and the last two correspond to the states or with/without quadrupole hyperfine splits (for example 11 of chi_aa means the hyperfine parameter 𝜒 𝑎𝑎 for the ground state of a-n-PrCN; the value can be defined in sequent, but 99 is an exception, meaning it is shared by all fits). The identifier may have a minus sign, which means it will be kept as a fixed ratio to the previous parameter during the fit, useful for example the three dependent hyperfine parameters. Additionally, several related vibrational states can be fitted by sharing some parameters, which will be explained in chapter 6. The value of each parameter expressed in scientific notation follows the identifier. The parameter uncertainties come after their values which mean how much the values are allowed to change, and we can change the uncertainty to fix some parameter (as 1.00E-37 for 𝐻 𝐾 in the example) or liberate them (as 1.00E+35 for 𝐴, 𝐵, 𝐶… in the example).

A very important file is the report of the fitting, the .fit file, by which we can determine whether the fitting is good or not. In the .fit file, we can find the results for each iteration, which includes residuals calculated for individual assignments, values and uncertainties for all the newly calculated parameters, and the 𝑊𝑅𝑀𝑆 as explained above. A simple (highly shortened) example can be found in Fig. 4-8. In the example, 786 -789 at the beginning are the line numbers. The upper and lower rotational levels are represented in the same format as we explained for the .lin file. The next information is the measured frequency and the frequency calculated using the newly updated molecular parameters. Next is the residual (assigned minus predicted), which is followed by the experimental uncertainty. A weighted average example is shown in lines 788 and 789. The center frequency is calculated by weighted average as 396752.70701 (MHz) in the example, and -0.01389 (MHz) is the difference between the average value and the frequency measured. The next section is the fitting result of the parameters. We can find the uncertainties in the last digits, listed in the brackets after the calculated values. The new 𝑊𝑅𝑀𝑆 is given at the end. Generally, the value of 𝑊𝑅𝑀𝑆 should be about 1.00 for a good fitting, i.e., the residual of each line is very close to the uncertainty we set. In SPFIT, the .lin file and .par file are inputs to produce a refined list of parameters after iterations. The previous .par file is automatically saved as .bak. The .var file, which consists of the parameters and their correlation matrix together with the .int file are used for making new predictions by SPCAT. The .int file contains the information SPCAT uses for calculating the intensities of transitions; an example is shown in Fig. 456789.

a-n-PrCN 0 69707 254142.3308 0 99 -7.0 -6.7 510. 001 4.000 002 0.984 The first line in .int file is the title. The second line gives the conditions for the calculation. The first field "0" means that the parameters are in MHz; the second field is the tag of the molecule as appears in the .fit file. The third field represents the partition function of the molecule at the temperature, which can be optionally listed at the tail of this line. The next fields, "0" and "99", are the smallest and largest values of the quantum number 𝐹 ( 𝐹 is for the total angular momentum, which takes on the integers between and including 𝐽 + 𝐼 and |𝐽 -𝐼|. For the spin of the 14 N nucleus in n-PrCN, 𝐼 = 1 leads to three hyperfine split levels). Then the intensity cutoff for the calculations in logarithmic form follows. At the end of this line, "510" means the highest frequency for predictions in GHz. The next lines give the dipole moments of the molecule. The first field is the dipole identifier (here "00"), corresponding to the vibrational state, which should be consistent with the .lin file and .par file. The next digit, "1" or "2" represents the different components of the dipole moment, with "1" the component along the A good set of parameters gives precise predictions in the .cat file. An example of a .cat file can be found in Fig. 4-10. The first field in the line is the frequency of the prediction, in our case in MHz. The second field is the supposed uncertainty in the same units. The third field is the base 10 logarithm of the integrated intensity at 300 K, in the unit of nm 2 MHz, as in expression (4.3),

𝐼 𝑏𝑎 (𝑇) = ( 8𝜋 3 3ℎ𝑐 )𝑣 𝑏𝑎 𝑠 𝑥 𝑏𝑎 𝜇 𝑥 2 [𝑒 - 𝐸 ′′ 𝑘𝑇 -𝑒 - 𝐸 ′ 𝑘𝑇 ]
𝑄 𝑟𝑜𝑡 (4.3) where 𝑣 𝑏𝑎 is the line frequency, 𝜇 𝑥 is the dipole moment along the molecular principal axis x, 𝑠 𝑥 𝑏𝑎 is the line strength, examples of which can be found in Appendix V of the reference (Townes & Schawlow 1975), 𝐸 ′′ and 𝐸 ′ are the energies of lower and upper states respectively, and 𝑄 𝑟𝑜𝑡 is the rotational partition function (Pickett et al. 1998). When calculating intensities for components of hyperfine structures, nuclear spin should be also taken into account for 𝑄 𝑟𝑜𝑡 .

In the predictions, we observe the line strength expressed by 𝑠 𝑥 𝑏𝑎 is larger for a transition with larger 𝐽 number. Moreover, [𝑒 - The next digit is the degree of freedom in the rotational partition function, in our case, 3 representing nonlinear molecules. The following number is energy of the lower level in wavenumber, followed by the upper state degeneracy. The quantum numbers of the upper and lower levels are at the end of each line in the .cat file.

The information in the .cat files gives the intensity of each line in laboratory absorption spectroscopy at the temperature indicated. It can also be used by specialized astrophysical programs for predicting the intensity in the interstellar medium, whatever the temperature. 

The start and improvement of the fits

Previously (in 4.5) I have introduced the programs used in the fitting of the measured spectrum to the best molecular parameters. Now, in this section I will discuss how to make first predictions and how the work then continues. The first question is the choice of parameters to be used. In general at the beginning of the fitting process we will use very few parameters and parameters are subsequently added as the number of lines in the fit increase.

The type of the molecule, i.e., linear, symmetric top or asymmetric top, and which kind of reduction (A or S) is best applicable, should be taken into account first to determine the suitable parameter set. Also, if the molecule consists of atoms with resolved fine or hyperfine splitting, the relevant parameters should also be considered. For coupling between vibrational states, the Fermi and Coriolis coupling constants can be in important, and so on. Let's take ground-state n-PrCN as an example, which is a near-prolate-top molecule and the S reduction is chosen. Therefore the parameters that should be considered include, rotational constants, 𝐴, 𝐵, and 𝐶; centrifugal distortion parameters of the S reduction, such as 𝐷 𝐽 , 𝐷 𝐽𝐾 , 𝐷 𝐾 , 𝑑 1 , 𝑑 2 …to higher order for good fitting; and also 𝜒 𝑎𝑎 , 𝜒 𝑏𝑏 , 𝜒 𝑐𝑐 for hyperfine structure caused by the 14 N nucleus in the cyano group.

If no previous experimental value is available, the fitting starts from the theoretical calculation of the rotational constants. As explained in Chapter 3, the rotational constants have definitions such as 𝐵 = ℎ 8𝜋 2 𝑐𝐼 𝐵 , (in which you can change the subscript to 𝐴 and 𝐶 for the other two rotational constants). In the expression, 𝐵 only depends on the moment of inertia about the b-principal axis, as

𝐼 𝐵 = ∑ 𝑑 𝑖 2 𝑚 𝑖 𝑖
, where 𝑑 𝑖 represents the distance between the nucleus 𝑖 and the axis; 𝑚 𝑖 is the mass of the nucleus 𝑖. Therefore, after the molecular geometry is obtained theoretically, it can be used with the mass of the nuclei to calculate the rotational constants. In the first paper on propyl cyanide (Hirota 1962), this method was used with an approximate geometry. [START_REF] Moffat | [END_REF]) later optimized the geometry for both conformers (and also for i-PrCN) using ab initio calculations. Then, the components of the dipole moment along the three principal axes and experimental information on the temperature can be used to predict relative intensities of the lines.

One method used to evaluate the dipole moment is shifts due to the Stark effect, as used by (Wlodarczak et al. 1988). Stark effects can briefly be explained as the splitting of pure rotational transitions into components when the molecule is placed in a sufficiently large electric field.

The splits are caused by the electric field inducing torques on the molecular dipole moment and thereby changing its rotational motion (Townes & Schawlow 1975, chap. 10). Hence the dipole moment of a molecule can be determined using its rotational quantum numbers, the measured frequencies of the components and the size of the electric field (a typical value used can be several volts per centimeter (Shulman & Townes, 1950)). Using highly resolved spectrometers, the observation of molecular quadrupole hyperfine structures is possible. Stark splits occurring between molecular hyperfine structure are particularly useful since the quadrupole hyperfine splitting is more evident in the lower frequency range where transitions occur with smaller 𝐽 quantum numbers. Hyperfine splitting is often used in dipole moment determinations, because of large quadratic Stark-shifts. Also there is one Stark component for the transition of ∆𝐹 = 1, and two Stark components for the transition of ∆𝐹 = 0, the Stark effects can thus be clearly shown to avoid the danger of line overlap (Müller et al. 2011).

Once the rotational constants and dipole moments are known or estimated, programs such as SPCAT, can make first predictions which are not always highly accurate, but enough to assign some low quantum number transitions. Then, we use the measured frequencies of transitions (which are attributed with the uncertainties) to fit lines and thus refine the molecular parameters. This refinement includes decreasing the uncertainties of the parameters, adding more centrifugal distortion parameters and taking into account more complicated situations such as Fermi and Coriolis coupling. Fitting doesn't always start from the very beginning with a theoretical calculation, if there is already spectroscopic information available in the literature. If experimentally determined parameters are available these can be used directly or if lines have already been measured (for example at lower frequency) these can be used in a fit to obtain starting parameters.

Chapter 5 n-propyl cyanide in the ground vibrational states Propyl cyanide (PrCN, C3H7CN) with an IUPAC name of butyronitrile is one of the most complex organic molecules found in space (Belloche et al. 2009). As explained in the first chapter, interstellar chemistry in star forming regions is capable of producing complex organic molecules and possibly amino acids. Therefore trying to detect molecules with increasing complexity is a good procedure to understand the interstellar chemical environment, conditions and reactions. For normal-PrCN (n-PrCN), our laboratory measurements led the first identification of its vibrationally excited states in space.

In this chapter, however, the analysis of rotational transitions of n-PrCN in its ground states will be explained. The rotational levels of the ground vibrational states have lower energy compared with vibrationally excited states, and the fitting is thus easier, both because of the higher intensity of the lines and the lack of vibrational coupling because of large energy difference from the lowest excited states. This is a good preparation before analyzing the spectra of the vibrationally excited states, which will be presented in the next chapter.

n-propyl cyanide and its laboratory rotational spectroscopy

Propyl cyanide exists as two isomers as schematically depicted in Fig. 1-1: the branched iso (i-PrCN as Fig. 1-1 a), and the straight-chain normal (n-PrCN as Fig. 1-1 b andc). For n-PrCN, there are two stable conformers: anti-(here a-n-PrCN for short) with a planar heavy atom frame (i.e., a dihedral CCCC angle of 180º ), and gauche (g-n-PrCN) in which the -CH3 or equivalently -CN group rotates by ~120º to from a dihedral CCCC angle of about ± 60º .

In the sequence of increasing complexity of interstellar molecules, PrCN is the third member of the family called alkyl cyanide after methyl cyanide (CH3CN) and ethyl cyanide (C2H5CN). Methyl cyanide is a symmetric-top molecule, and well known for deriving the kinetic temperature and density of dense molecular clouds as discussed in (Solomon et al. 1971;Cummins et al. 1983). As well as that, the former firstly reported the detection of the molecule in Sgr A and B by using the laboratory spectral data from [START_REF] Cord | Polyatomic Molecules without Internal Rotation[END_REF]) and the latter refined the deduction by additional rotational transitions and reported the first detection of its isotopic species in Sgr B2. Subsequently methyl cyanide has been detected from diverse interstellar media (Müller et al. 2009); more recent works in astrophysical applications include investigating the gas temperature distribution and the velocity field of the massive hot molecular core Sgr B2(M) by modeling the emission of CH3CN [START_REF] Pols | Chemistry in Space: from Interstellar Matter to the Origin of Life[END_REF], revealing the physical structure and conditions of the molecular gas within the bow-shock L1157-B1 by using methyl cyanide as a tracer (Codella et al. 2009), studying the temperature distribution of the extended gas within the Orion KL nebula by 𝐾-ladder spectra of methyl cyanide (Bell et al. 2014), deducing the possible Keplerian disk in star-forming region G35.20-0.74 N (Sá nchez-Monge et al. 2013), using rotational transitions of CH3CN to probe hot molecular gas near massive protostars from many sources (Rosero et al. 2013) and detecting the spatial distribution of methyl cyanide markedly different from other molecules found in IRC +10216, which is possibly caused by non-uniform structure of the circumstellar envelope and grain surface processes (Agúndez et al. 2015). In the laboratory, CH3CN was one of the first molecules studied by microwave spectroscopy (Ring et al. 1947). Methyl cyanide and its isotopic species have been investigated in detail; (Cazzoli & Puzzarini 2006) published a review, in which accurate THz measurements were carried out for the first time to give highly precise rotational and hyperfine parameters. (Müller et al. 2009) later obtained much improved molecular parameters of CH3CN and its 6 different isotopologues with spectroscopic investigation to 1.6 THz. Because of the importance of deuterated isotopologues, (Nguyen et al. 2013) provided a list of better determined and more complete molecular parameters for CH2DCN and CHD2CN.

Ethyl cyanide (the simplest asymmetric molecule in the family) is abundant in hot-core sources like methyl cyanide and was first detected in the Orion molecular clouds and Sgr B2 (Johnson et al. 1977). The detection of ethyl cyanide toward the hot core of the low-mass protostar, IRAS 16293-2422 was reported in (Cazaux et al. 2003), in which the chemical processes involved in molecular complexity in regions of star formation was also discussed. The detection of three mono 13 C-substituted isotopologues of ethyl cyanide from Orion IRc2 was published in (Demyk et al. 2007). (Fontani et al. 2007) published the analysis of rotational spectroscopy from six hot molecular cores to give the abundance ratio of the C2H5CN/C2H3CN (vinyl cyanide), which was used to derive the age of these cores. This method called chemical clock was then used in [START_REF] Müller | [END_REF] to reveal the fact that the two hot cores of Sgr B2(N) are in different evolutionary stages. (Margulè s et al. 2009) also reported the detection of 15 N substituted ethyl cyanide for the first time in Orion IRc2 and derived column densities and rotational temperatures of the source. (Taquet et al. 2015) discussed the complex organic molecules abundance ratios within two low-mass protostars NGC 1333-IRAS 2A and -IRAS 4A, showing that the abundances of ethyl cyanide have an increase with the protostellar luminosity. They also proposed a formation method on ices but not gas phase favored by ethyl cyanide (but not the case for methyl cyanide), which is consistent with the conclusion of (Friedel & Snyder 2008) in their observations from multiple cores near the Orion hot cores and IRc7. The initial laboratory microwave measurement of ethyl cyanide was carried out by (Lerner & Dailey 1957); the early works in laboratory analysis have been well summarized in [START_REF] Pearson | [END_REF]. Following the development of more advanced telescopes, the detection of ethyl cyanide at higher frequency was necessary since b-type transitions are more prominent at a frequency near 1 THz. For this reason, (Brauer et al. 2009) published extensions of ground-state measurements of ethyl cyanide to 1.6 THz. Other more recent studies on laboratory measurements are more focused on the isotopologues of C2H5CN, including mono 13 C substituted species (Demyk et al. 2007; The astrophysical observation of PrCN is more recent, probably because the abundance of PrCN decreases sharply (by about two orders) compared to ethyl cyanide, which is only slightly less abundant than methyl cyanide [START_REF] Schlemmer | Laboratory astrochemistry : from molecules through nanoparticles to grains[END_REF]. (Belloche et al. 2009) was the first reported detection and identification of a-n-PrCN in Sgr B2(N). In the paper, the column density of PrCN, about a factor of 100 lower than those of methyl and ethyl cyanide was derived. No feature of the gauche conformer is clearly detected in that exploration, which was achieved by ALMA in 2014 (Belloche et al. 2014). This was also the first publication reporting the detection of i-PrCN, the first branched alkyl molecule in space. Branched molecules, especially with a functional group added to a nonterminal carbon chain are a particularly important finding for the search for amino acids for which such side-chain structure is a key characteristic. (Garrod et al. 2017) simulated the chemistry of Sgr B2(N) to explain the observed i/n ratio of PrCN and predicted the abundances of branched butyl cyanide. Besides Sgr B2(N2), the observation by ALMA also proved that the Orion KL is home to both isomers of PrCN (Pagani et al. 2017); the variation between the n/i ratio of PrCN is from 2 to 6 for different sources in Orion KL which is compatible with the modeling proposed in (Garrod et al. 2017). Another rotational spectral survey toward the solar-type protostar IRAS 16293-2422 did not detect the existence of n-PrCN (Jaber et al. 2014). Concerning the laboratory measurement of i-PrCN, available references were well reviewed in (Müller et al. 2011); additionally very recent results on higher frequency, vibrationally excited states and isotopic substitutes can be found in (Arenas et al. 2017;Kolesniková et al. 2017).

Before talking about the fitting of n-PrCN, it is necessary to make a short review of its conformers and relevant spectroscopic characterization in the bibliography since the initial fits, the proposed molecular parameters, and the molecular dipole moments were very significant for initial predictions. The earliest paper we referred to was (Hirota 1962), in which important and fundamental information about the rotational isomerism of n-PrCN (i.e., g-n-PrCN and a-n-PrCN) was reported, and then the optimized geometrical constants calculated by [START_REF] Moffat | [END_REF]. Hirota identified that the two different forms of g-n-PrCN with a dihedral CCCC angle of ± 60 º are indistinguishable and therefore the gauche is doubly degenerate compared with the anti. Hirota also reported that the energy difference between the two conformers was probably less than 1 kcal• mol -1 and that the anti conformer has lower energy. The observed and calculated rotational constants of n-PrCN in the ground states and four lowest-lying vibrationally excited states for each conformer were also reported. (Kaushik 1979) analyzed the rotational and quartic centrifugal distortion parameters of the gauche conformer based on transitions in the range 8.9 -30.5 GHz measured by (Hirota 1962). (Demaison & Dreizler 1982) used Fourier transform microwave spectroscopy to study the quadrupole hyperfine structures caused by 14 N; 47 lines in the range 8.7 GHz to 17.8 GHz were fitted. (Vormann & Dreizler 1988) studied the rotational transitions of n-PrCN in the frequency range 4.8 -26.4 GHz. In the paper, the 14 N quadrupole structures and methyl internal rotation of both conformers were further discussed. The quadrupole parameters I used as a basis to fit the hyperfine splits were derived from this paper. (Wlodarczak et al. 1988) made a detailed study on the rotational spectroscopy of n-PrCN including the dipole moments, centrifugal distortion parameters and energy difference between the conformers. They extended the measured frequency to 300 GHz including high 𝐽 lines. The measurements in (Demaison & Dreizler 1982;Vormann & Dreizler 1988;Wlodarczak et al. 1988) were combined by (Belloche, et al. 2009) to make the prediction for the observation toward Sgr B2(N). Besides, the experimental molecular parameters in (Wlodarczak et al. 1988) were also used to prove simulations of (Naganathappa & Chaudhari 2011), in which a second order Møller-Plesset perturbation theory was used to calculate the molecular parameters. (Wlodarczak et al. 1988) also determined the energy difference of the two conformers, that the energy of anti is lower than the gauche by 1.1 ± 0.3 kJ• mol -1 , a number consistent with the estimation of (Hirota 1962). [START_REF] Moffat | [END_REF]) also reported that the energy of a-n-PrCN is about 0.2 kcal• mol -1 less than the gauche by geometry optimization. However, (Charles et al. 1976) reported an opposite conclusion that the gauche conformer is more stable by the comparison and identification of the fingerprint peaks in the infrared absorption spectra of liquid, crystalline solid and the vapor phase. To solve the controversy about the stability of the two conformers, (Traetteberg et al. 2000) used a gas electron diffraction method to study the conformational mixture, and concluded that the gauche conformer is more abundant. They also did ab initio calculations that indicated the energy of the gauche conformer is 1.65 kJ• mol -1 lower than the anti. (Durig et al. 2001) used infrared and Raman spectra to investigate the constituents of the conformational mixture in different phases, by controlling the temperatures of the samples, they derived an enthalpy difference of 0.48 ± 0.04 kJ• mol -1 , which was proved by the ALMA data, though modeling the anti/gauche energy difference (Müller et al. 2016b). In the latter, it was also explained that the different value reported by (Wlodarczak et al. 1988) was probably because of an underestimated dipole moment of the anti conformer. The dipole moments we used here were from (Müller et al. 2016b), for a-n-PrCN 𝜇 𝑎 = 4.000 D, 𝜇 𝑏 = 0.984 D, and 𝜇 𝑐 = 0; for g-n-PrCN, 𝜇 𝑎 = 3.272 D, 𝜇 𝑏 = 2.139 D, and 𝜇 𝑐 = 0.450 D.

The summary of the fitting for n-PrCN in its ground vibrational states

The combined fit of both anti and gauche conformers used for the present predictions listed in CDMS has been described in (Belloche et al. 2009). Transition frequencies are taken from (Demaison & Dreizler 1982;Wlodarczak et al. 1988;Vormann & Dreizler 1988). In addition, supplementary material to the latter publication was also used in the fits. Uncertainties of 0.010, 0.050 and 0.005 MHz respectively were attributed to the line frequencies from these works.

14 N hyperfine splitting as well as CH3 internal rotation splitting was resolved for some transitions at microwave frequencies. Both types of splitting are unlikely to be resolved in astronomical observations. The entry in CDMS gives only the unsplit frequencies.

The sextic centrifugal distortion parameter 𝐻 𝐾 of the anti conformer was initially estimated to be smaller than 𝐷 𝐾 by the same factor that that parameter is smaller than 𝐴. This is only a crude estimate. Trial fits with 𝐻 𝐾 released suggested its value to be slightly larger than this estimate. But since the uncertainty was more than a third of its value and since the difference between the calculated and estimated value was smaller than the uncertainty, 𝐻 𝐾 was finally fixed to the estimated value. The fits had a dimensionless 𝑊𝑅𝑀𝑆 uncertainty of 0.75 for the anti conformer and 0.66 for the gauche, which means compared with the predictions the shifts of the lines are slightly smaller than the allotted experimental uncertainties (the 𝑊𝑅𝑀𝑆 should be 1, if the residual is totally comparable with the uncertainty as (4.2)).

In total we added 1992 new measured transitions (1284 lines because of transitions close or at the same frequency) for the anti conformer in the frequency bands of 36 -70, 89.25 -126.75, 171 -251 and 310 -506 GHz with 𝐾 𝑎 up to 29 and 𝐽 up to 115 for the lower state (denoted 𝐾 𝑎 ′′ and 𝐽 ′′ ). In these newly assigned lines, there are 154 hyperfine split transitions and all of them can be fitted with the quadrupole hyperfine parameters from (Vormann & Dreizler 1988). The hyperfine split lines are all below 100 GHz, because of the increasing overlap and broadening of lines at higher frequencies. Besides mainly a-type transitions, 20 b-type lines were assigned and fitted. All transitions are R-branch because of their stronger intensities in a-n-PrCN. The assigned b R±1,1 lines are in the frequency below 251 GHz and have a 𝐾 𝑎 ′′ up to 2 and 𝐽 ′′ up to 55. Using the larger set of fitted lines, we were able to refine the molecular parameters. Compared to the parameters determined in (Belloche et al. 2009) we can see from Table 5-1 that uncertainties on the parameters are smaller. However, the 𝑊𝑅𝑀𝑆 of our fits is somewhat higher as it is close to or slightly less than 1, which indicates experimental uncertainties are comparable to residuals. We were also able to add some octic centrifugal distortion parameters (𝐿 𝐾𝐾𝐽 , 𝐿 𝐽𝐽𝐾 and 𝐿 𝐽 ). We constrained the value of 𝐻 𝐾 to the same value as its estimation in (Belloche et al. 2009) since it could not be correctly fit because of the persistent lack of b-type transitions with higher values of 𝐾 𝑎 .

For the gauche conformer, because of its more asymmetric geometry and larger b-component of the dipole moment, more different types of transitions (compared to the anti) were intense enough to be identified and assigned. Totally 3290 more transitions (1861 new lines) were fitted; they are 1318 R-branch a-type transitions, 143 Q-branch a-type transitions, 1255 R-branch b-type transitions, 448 Q-branch b-type transitions and 126 P-branch b-type transitions. All of the newly assigned Qand Pbranch lines are below 320 GHz. 442 hyperfine split transitions were included and fitted with parameters from (Vormann & Dreizler 1988). In these coupling parameters, 𝜒 𝑎𝑎 and 𝜒 𝑏𝑏 were determined and 𝜒 𝑐𝑐 fixed from the value of the other two (see 3.4). The newly fitted lines of g-n-PrCN also allowed us to refine the parameter list, with all parameters showing uncertainties at least ten times lower than those quoted in (Belloche et al. 2009). Additionally, higher order centrifugal distortion parameters: 𝐿 𝐽𝐽𝐾 , 𝐿 𝐽 , 𝑙 1 and 𝑃 𝐾𝐾𝐾𝐽 could be determined. (Belloche et al. 2009). (a) The value of 𝐻 𝐾 was estimated by (Belloche et al. 2009) ( * ) The new added hyperfine split lines can all be fitted with the quadrupole hyperfine parameters from (Vormann & Dreizler 1988), so they were fixed in this work. The fits of (Belloche et al. 2009) are based on work from (Demaison & Dreizler 1982;Wlodarczak et al. 1988;Vormann & Dreizler 1988). Maximum 𝐽" and 𝐾 𝑎 ′′ refer to the lower state. Numbers in brackets represent the uncertainty compared to the last quoted digit.

To clearly show the improvement of the new work, some predictions at higher frequencies produced by the new parameters are compared with those made from the previous parameter set in Fig. 5-1. We can see a difference of about 1 MHz in the frequency near 500 GHz in both cases, which cannot be accepted in a superimposed spectrum observed by radio-telescopes. Pairing is an interesting issue which can be seen in Fig. 5-2 and in the .fit file (a segment of the .fit file is shown in Fig. 5-2, and the pairs are distinguished by the shading). We can compare the rotational level structures which I showed in Fig. 5 In Fig. 5-3, I take the transitions with 𝐽 ′′ = 2 as examples (hereafter 𝐽 ′′ denotes 𝐽 of the lower state in a transition, and the same for 𝐾 𝑎 ′′ ). The transitions drawn in blue represent prolate paring, which is a common situation for the anti conformer, especially for high 𝐽 transitions. For a very near-prolate top, the energy difference between the degenerated 𝐾 𝑎 levels is so small that the frequencies of the transitions within the split 𝐾 𝑎 levels cannot be distinguished. For g-n-PrCN, because of the increase in the component of the dipole moment along the b axis, b-type transitions are more intense than those from the anti conformer, which make them better identified in the spectra. The more oblate geometry of g-n-PrCN makes it easier for observing oblate paired transitions (with the same 𝐽 and 𝐾 𝑐 numbers) than the anti conformer, because the two sub-levels with the same 𝐾 𝑐 number are degenerate and also the b-type lines are more intense in the gauche conformer. Prolate pairing is more observed in transitions with high 𝐾 and low 𝐽, while the oblate pairing is more seen in the opposite. In both pairings, aand b-type lines may be together to form a quartet of very close frequencies as shown in violet in Fig. 5-3. Both a-n-PrCN and g-n-PrCN show prolate pairing. Again due to the more asymmetrical geometry of a-n-PrCN only 𝐾 𝑎 ′′ = 0 and 1 lines could be found oblate paired for the anti conformer whereas for the gauche conformer oblate pairing could be observed up to between 𝐾 𝑎 ′′ = 7 and 8. c) and (f), although they are very weak. This is because g-n-PrCN is a more asymmetrical top, and levels with higher 𝐽 may have lower energy. This is not the case for a symmetric top, and it is the reason why we can hardly find Qand P-branch lines for a-n-PrCN, which is a very near-prolate top. The diverse transitions in spectra of g-n-PrCN at low frequency may partially explain why it's difficult to trace these lines by a radio telescope when they are not highly resolved, and also gives us additional motivation to fit lines at high frequencies.

Finally by looking at a large frequency range of 30 GHz with predictions of n-PrCN which is shown in Fig. 5-5, we can find a fairly fixed displacement between sets of R-branch lines (for an easier explanation, only a-type lines are shown). All lines in one set have the same 𝐽 number, and thus the close sets are transitions occurring in neighboring 𝐽 number. Because both conformers of n-PrCN are near prolate-top molecules, the displacement almost equals 𝐵 + 𝐶 for each conformer (refer to 3.26). This rule can help us to estimate frequencies of predicted lines especially when these lines are sorted by 𝐾 𝑎 numbers. Otherwise, the rotational constant 𝐴 indicates the energy for a 𝐾 𝑎 = 𝐽 level which is roughly given by 𝐴𝐾 𝑎 2 , in expression (3.26). From this, we can expect a narrower 𝐾 𝑎 level spacing for the gauche conformer than the anti, and therefore the b-type transitions in the gauche conformer have lower frequencies, which means lower intensities and larger uncertainties, especially more obvious for higher vibrationally excited states. 

Reliability of predictions on the ground states of n-PrCN

Refined parameters allow us make better predictions for the higher-energy transitions. The reliability of predictions can be estimated from the uncertainties on the predictions in the .cat file, which are propagated from the statistical uncertainties on the derived parameters.

We use SPCAT to make a detailed prediction of a-type transitions. For a-n-PrCN, quantum numbers up to 199 below 950 GHz from the updated parameters are catalogued. Generally, the uncertainties increase with 𝐽 for each 𝐾 𝑎 . We define good predictions as those with uncertainties less than 0.1 MHz with consideration of applications in astronomical observation. The statistics for each 𝐾 𝑎 are illustrated in Fig. 56. As illustrated by (a) for example, for all 𝐾 𝑎 ′′ , the uncertainty of transitions is below 0.025 MHz for a large range of 𝐽′′; but over a certain 𝐽′′, it increases rapidly. For R-branch a-type transitions, the limit is 𝐽 ′′ = 123 at 𝐾 𝑎 ′′ = 32 for example. This limit is specified for uncertainties on the predictions less than 0.1 MHz and the same criterion will be used for the following sections. For the gauche conformer, the limit of well predicted R-branch a-type transitions is 𝐽 ′′ = 99 at 𝐾 𝑎 ′′ = 50. Considering oblate pairing at high frequencies, we choose b R1,1 transitions to qualify confident predictions. All b-type transitions at frequencies below 950 GHz are well predicted with 𝐾 𝑎 ′′ up to 34.

Chapter 6 Vibrationally excited states of n-propyl cyanide

The first results, in which I was involved, on the rotational spectroscopy of the first four excited states of n-propyl cyanide were published in (Müller et al. 2016b). The paper detailed the assignments of both conformers in the frequency ranges, 36 -70 and 89.25 -126.75 GHz adapted to the capability of ALMA in its Cycle 0 and 1. The derived molecular parameters allowed transitions of all these vibrational states of each conformer to be identified in spectra taken by ALMA toward Sgr B2(N2). However, the frequency range up to around 100 GHz is not enough for precise molecular parameters at high frequencies considering that observations with ALMA as high as around 1 THz are possible. On the other hand, the analysis in the higher frequency range suffers more from complexities such as, internal rotation splitting and coupling between vibrationally excited states. In our latest research, presented here, the frequency is extended to two higher bands, 171 -251 and 310 -506 GHz, for more precise parameters and modeling of the rotational transitions of n-propyl cyanide in its lower vibrationally excited states.

Review of the vibrationally excited molecules detected in space

With more and more powerful radio telescopes, the number of observed astrophysical lines that have not been catalogued in databases increases. It is generally believed that among unassigned lines, are low-lying vibrationally excited states of relatively a few molecules [START_REF] Goldsmith | Report from the Workshop on Laboratory Spectroscopy in Support of Herschel[END_REF][START_REF] De Lucia | Submillimeter Astrophysics and Technology: A Symposium Honoring Thomas G. Phillips[END_REF]. Eliminating these molecular lines, typically referred to as "astrophysical weeds", to reveal possible new species requires new laboratory spectroscopic research.

However, lines of vibrationally excited molecules should not only be considered as weeds for they are also flowers allowing us to better understand the interstellar medium. Vibrationally excited molecules can be used, for example, to sample unusually hot, dense material where shocks and intense infrared fields are present and thus are potentially unique probes of the physical conditions near star-forming regions and in circumstellar envelopes (Ziurys & Turner 1986). The first organic molecule detected in the ISM in a vibrationally excited state was cyanoacetylene (linear HCCCN), with l-type doubling in the Orion molecular cloud (Clark et al. 1976). Later this molecule was detected in the proto-planetary nebula CRL 618 along with vibrationally excited HC5N [START_REF] Remijan | [END_REF] The prototype alkyl cyanide could be considered to be hydrogen cyanide (HCN), a linear molecule. However this molecule has differences with the higher order alkyls: it does not have very low energy vibrational states (lacking notably the methyl torsions) and it is mostly found in different astrophysical sources (circumstellar envelopes as opposed to star forming regions).

The spectra of vibrationally excited HCN in its two lowest-lying states were first detected toward the hot core of Orion KL and circumstellar envelope of IRC+10216 (Ziurys & Turner, 1986). By observation of its lowest excited state, the hot core could be exclusively sampled, which supported the "doughnut" model of Orion. Moreover the density of ground-state HCN of the hot core was also determined by the observations, which was then used to calculate the column density difference between the hot core and other areas. The emission lines from this and one higher vibrational state were also observed toward IRC+10216 to model the abundances and excitation conditions throughout the expanding envelope. A higher state of HCN and the lowest vibrationally excited state of H 13 CN were observed in IRC+10216 later by (Groesbeck et al. 1994). The more triangular line shape of the former than the lower states was evidence for the excitation from very compact and intense radiation. The higher vibrational state detected with only one clear line but not the paired line from the doubled bending vibration suggested an unusual excitation condition. The observation of vibrationally excited HCN with energy up to 5800 K was reported by (Avery et al. 1994) toward the same area, which suggested the difference of spatial environments for these excited species. (Cernicharo et al. 2011) published the detection of rotational transitions of HCN from 28 vibrational states with energies up to 10700 K toward IRC+10216. These emissions with different vibrational temperatures provided direct measurement of temperature distribution around the stellar photosphere, where gas acceleration and dust formation happen. A maser source of HCN originating in the lowest excited bending state was reported by (Guilloteau et al. 1987) from CIT 6 around 89 GHz (𝐽 = 1 -0 ), and then IRC+10216 around 177 GHz ( 𝐽 = 2 -1 ) by (Lucas & Cernicharo 1989). (Schilke et al. 1999) reported a maser line originating in the quadruply excited bending state (805 GHz, 𝐽 = 9 -8) in IRC+10216. A stronger line around 891 GHz (𝐽 = 10 -9) in IRC+10216, CIT 6 and Y CVn was later reported by (Schilke & Menten 2003). CIT 6 and Y CVn are also mass-losing carbon stars.

Methyl cyanide was one of the molecules very early detected toward Orion and Sgr B2 in a vibrationally excited state (~ 362 cm -1 ) and tentatively reported together with excited HC3N (Clark et al. 1976). Then (Goldsmith et al. 1983) modeled multiple components of the 𝐽 = 6 -5 transition detected around 111 GHz to confirm the detection of vibrationally excited CH3CN in this state toward the central region of Orion. In the research, the fit of linewidth and velocity was performed, which agreed well with the ground state lines. Vibrational excitation temperature and the density required for collisional excitation were also estimated; the former could be produced by the infrared radiation while the latter seemed excessive for the region. (Zapata et al. 2011) used sensitive and highly spatially resolved observation by the Submillimeter Array (SMA) observing the emission of excited CH3CN toward Orion KL. By their different emission origins (low-excitation from the core while the high-excitation is from the northeast lobe), they proposed the molecular Orion "hot core" was heated from the outside by an explosive event. Thanks to ALMA, the higher state of v8 = 2 of methyl cyanide was also detected toward the hot core of Orion KL (Fortman et al. 2012). In the paper, the spectra of ALMA observations were compared with hundreds of intensity calibrated spectra with different temperatures, which suggested LTE or near LTE at about 190 K. (Belloche et al. 2013) published a complete IRAM 30-meter line survey of Sgr B2(N) and (M), through which, they detected both v8 = 1 and 2 states of methyl cyanide in the two sources; as well as that, of a higher state v4 = 1 toward Sgr B2(N). In the publication, emissions from these states were fitted with the vibrational temperatures, which are higher than the rotational temperatures, suggesting radiative pumping. They also detected transitions of v8 = 1 13 C substituted methyl cyanide toward Sgr B2(N) for the first time, and calculated the column density ratio between the excited 12 C and 13 C isotopologues, which is smaller than the usual value.

As for the detection of vibrationally excited ethyl cyanide, the earliest paper was (Gibb et al. 2000), in which transitions of its two lowest-lying states (v13 = 1 in-plane bending mode and v21 = 1 methyl torsional mode) were observed toward an organic-rich hot core G327.3-0.6. Combined with emissions from the ground state, the authors deduced the molecular abundance, rotational temperature, column density, and size of the source to illustrate ethyl cyanide is a good tracer for hot cores. A paper devoted to the detection of vibrationally excited ethyl cyanide in Sgr B2 (N-LMH) was published by (Mehringer et al. 2004). The authors performed laboratory analysis for the determination of the spectrum, including perturbations of Coriolis interaction between the two states and also the torsion-rotation-vibration problem. Then, by using the Caltech Submillimeter Observatory in the range 215 -270 GHz, the Berkeley-Illinois-Maryland Association Array and the Caltech Millimeter Array in the range 107 -114 GHz, they also detected strong lines from these two vibraionally excited states. By summing over the partition function with the two excited states, they derived the column density of the species. This identification also helped account for many unidentified lines observed in hot cores, they pointed. Higher excited states of ethyl cyanide (v12 = 1 and v20 = 1) were first detected toward three hot cores of Orion KL by (Daly et al. 2013), along with the lower states. All these with available transitions from isotopologues were fitted to obtain column densities and vibrational temperatures of the cores. They stated that ethyl cyanide is responsible for more than 2000 lines at frequency from 80 -280 GHz. After, ethyl cyanide in all these four states was detected in Sgr B2(N) and its lowest states (v13 = 1 and v21 = 1) in Sgr B2(M) (Belloche et al. 2013).

Vinyl cyanide (CH2CHCN) is another cyanide with high astrophysical interest since its high abundance and significant dipole moment favor radio-astronomical detection. (Schilke et al. 1997) reported the earliest detection of vibrationally excited vinyl cyanide toward Orion KL. The five lines they detected were assigned to the two lowest-lying vibrational states. Then, (Nummelin & Bergman, 1999) analyzed the excitation of 114 rotational transitions of vinyl cyanide in these two vibrational states in a survey of Sgr B2(N) using the Swedish-ESO Submillimeter Telescope (SEST). They deduced the rotational temperature of the observed lines was about 400 K, which suggested a direct radiative excitation through far-infrared emissions from hot dust. With a Monte-Carlo analysis, they obtained a good fit of a-type lines intensity with a fractional C2H3CN abundance, according to which the abundance distribution of the species was suggested. Through a more recent line survey of Sgr B2(N), (Belloche et al. 2013) detected emission lines from six vibrationally excited states. (López et al. 2014) detected for the first time lines from two higher states and 65 unblended interstate lines toward Orion KL using the IRAM-30 m telescope with their refined laboratory measurements. Through these identifications, vibrational temperatures for these states were derived and found close to the mean kinetic temperature of the hot core component.

Propyl Cyanide is as yet the largest and most complex molecule in the family of cyanide (with the exception of benzonitrile, which was detected in the Taurus molecular cloud (McGuire et al. 2018)) to be found in space, and the spectra of its vibrational states is the subject of this thesis.

Review of our first spectroscopic work and observations

At the beginning of my thesis I was involved in work (Müller et al. 2016b), on the fitting of the rotational transitions of the lowest-lying vibrational states of n-PrCN that lead to the identification of all these states of each conformer in observations taken by ALMA. The molecular parameters of vibrationally excited states are defined as 𝑋 𝑣=1 = 𝑋 + ∆𝑋, 𝑋 𝑣=2 = 𝑋 + 2∆𝑋 + ∆∆𝑋 as Müller's earlier publications for example bromine dioxide (Müller et al. 1997a), chlorine dioxide (Müller et al. 1997b), and methyl cyanide (Müller et al. 2015(Müller et al. , 2016a)). For overtone states, the increment is in general assumed as the sum of related singly vibrationally excited states, but we can additionally introduce a higher order increment, ∆∆𝑋 to better fit the higher state. In this method, the number of liberated molecular parameters needed to fit in a vibrationally excited state is smaller than the independent sets of the molecular parameters of each state. This is because the more intense lines in the ground states allow determination of more precise molecular parameters. The corrections to these parameters for the vibrational states are small compared to their value, and become negligible or undetermined for higher order parameters. It is also easier to begin fitting. Owing to the parameters format, the states of v30 = 1 and 2 were fitted together for both conformers. The recorded spectral windows of (Müller et al. 2016b) were 36 -70 GHz and 89 -127 GHz by a similar approach as explained in chapter 4. To treat the quadrupole hyperfine structure a similar approach of ground-state parameters was employed. Generally we could see the three stronger components of the hyperfine structure, caused by the spin of the 14 N nucleus (𝐼 = 1) in some measurements. These components are 𝐹 = 𝐽 and 𝐹 = 𝐽 ± 1 (expression (3.26) in the section 3.4). The 𝐹 = 𝐽 ± 1 components were always blended, so that the intensity ratio to the 𝐹 = 𝐽 component was nearly 2:1 in our spectra. Sometimes it was necessary to fit components individually especially when one of them could not be measured correctly because of being too noisy or blended. The fitted transitions and derived parameters were achieved at the CDMS (https://www.astro.uni-koeln.de/site/vorhersagen/daten/n-PrCN/).

Our first publication summarized the vibrational modes (Charles et al. 1976;Crowder 1987;Durig et al. 2001) and energies of the low-lying vibrationally excited states using previous work.

The information on the low-lying states is summarized in Table 6-1 and the energies are shown in Fig. 6-1. This helped me to deduce possibilities that neighboring vibrational states interact with each other. The earlier paper reports investigations of the spectroscopic characteristics of n-PrCN in each low-lying vibrationally excited state in a lower frequency range, which is a good start and preparation for the the work presented later. The laboratory spectroscopic study began with the gauche conformer, since its sizable aand bdipole moment components facilitated assignments of corresponding transitions. As the gauche conformer has more asymmetric structure (𝜅 = -0.8471), the pure 𝐾 parameters of Chapter 6 Vibrationally excited states of n-propyl cyanide 82 𝐴, 𝐷 𝐾 , etc. can be fairly accurately determined by the dominant a-type transitions in our spectra (see section 3.3.4). Also, the structure of the conformer contributes to more degenerate transitions at lower frequencies in both prolate and oblate pairings, and this leads to stronger lines which benefits the line assignments as well. To start with, we used the fitting procedure that stronger a-type transitions with increasing 𝐾 𝑎 were fitted until 𝐾 𝑎 = 5; the fitting of b-type transitions began. For 14 N hyperfine splitting lines, we noticed it affected a-type transitions when 𝐽 approaches 𝐾 and b-type transitions with low values of 𝐾 𝑎 . Four excited states of g-n-PrCN, v30 = 1, v29 = 1, v30 = 2 and v28 = 1 were investigated in (Müller et al. 2016b). The fitting limits are listed for all vibrations in Table 6-2. With fitting at frequencies below 127 GHz, we could determine at most sextic centrifugal distortion. In the discussion of the v30 vibration mode, we pointed out that the identification of v30 = 2 transitions benefited from the relatively good parameters determined for v30 = 1 and the ground state. The increase in fitted hyperfine split transitions made a more precise determination of 𝜒 𝑎𝑎 for the v30 vibration state. Hence, for v29 = 1, the fitting was somewhat more difficult than for v30 = 2 though corresponding lines were slightly weaker as of higher energy for the latter. It should be noticed that, some internal rotation affected Q-branch b-type transitions that were hence not correctively fitted in (Müller et al. 2016b), and this perhaps explains the reason why more parameters were needed abnormally. v28 = 1 was the highest state for the gauche conformer measured in this first study. We noticed that R-branch a-type transitions with 𝐾 𝑎 ′′ ≥ 3 appeared somewhat weaker, broader and even split into two components. We attributed the feature to the internal rotation caused by CH3 torsion. The center frequencies of the deformed lines were usually well matched to the calculated positions, however some exceptional cases were weighted out from the list. The identification of b-type transitions proved difficult even for those with lower 𝐽. Fewer fitted transitions led to a smaller parameter list than the lower states, in which, ∆𝐷 𝐾 was estimated to accommodate the fairly secure assignments of b-type transitions with 𝐾 𝑎 ′′ < 3.

R-branch a-type:

(1, 0, 1)

Q-branch a-type: (0, 0, -1), (0, 2, -1)

R-branch b-type:

(1, -1, 1), (1, -1, 3)

R-branch b-type:

(1, 1, -1)

R-branch b-type:

(1, 1, 1) (Müller et al. 2016b) for each conformer. The three numbers in parentheses represent the differences of quantum numbers between the upper and lower states, i.e., (∆𝐽, ∆𝐾 𝑎 , ∆𝐾 𝑐 ). 𝐽 ′′ and 𝐾 𝑎 ′′ in each cell are the highest value achieved with the number of transitions listed after the semicolon. Some of the assignments of Q-branch b-type transitions were mismatched, see section 6.3.2 for details.

Q-branch
Then the anti conformer was discussed. Most transitions fitted were a-type transitions, because the dipole moment of the anti conformer lies with more along the a axis and also because of the larger 𝐴 rotational constant. The former factor gives rise to the weaker intensity of the b-type transitions, and the latter makes them sparse at not so high frequencies. As well as that, the smaller asymmetry led to greater degenerations between two sub-branch transitions with the same 𝐽 and 𝐾 𝑎 . 14 N quadruple coupling affected the lines more because the quadrupole coupling parameters are much larger in magnitude than the gauche conformer. The fits for v30 = 1 went smoothly as not only a-type transitions almost reached the theoretical limit at available frequencies but also 24 b-type transitions in different groups were identified. Then v29 = 1 was discussed. The weakness and blending of lines reduced the number of assignments therefore only changes for the rotational parameters ∆𝐷 𝐽𝐾 , ∆𝐷 𝐽 and ∆𝐻 𝐾𝐽 were needed. During the fits, internal rotation issues were predicted since the state has predominantly methyl torsion character. The states of v30 = 2 and v18 = 1 have close energies. This causes Coriolis-type and Fermi-type couplings starting from 𝐾 𝑎 ′′ = 13 of v30 = 2 and 𝐾 𝑎 ′′ = 14 of v18 = 1. Two coupling parameters 𝐺 𝑐 and 𝐹 were introduced for fitting, and therefore the two states were fitted together with v30 = 1. Thanks to the vibrational couplings, the energy difference of the two states were also determined as around 34 cm -1 which is quite well matched with our calculated difference of 39 cm -1 . The fitting needed an estimated value of ∆∆𝐻 𝐾𝐽 , as its determined value was larger than ∆𝐻 𝐾𝐽 . Moreover, possible non-resonant Coriolis interaction between the states of v30 = 1 and v18 = 1 was discussed as the similar but opposite magnitude of ∆𝐴 was relatively hundreds times larger than ∆𝐵 and ∆𝐶. ). The spectrum was well-fit under the LTE approximation with a linewidth of 5 km s -1 , a velocity of 73.5 km s -1 , and a column density of 1.7 × 10 17 cm -2 after correction for the contribution of vibrationally excited states to the partition function. The fit to the population diagram of most detected lines including those from vibrationally excited states yielded a rotational temperature of 142 ± 4 K (as Fig. 6-3) which is consistent with the temperature of 153 ± 12 K estimated from the lines of the ground states uniquely in (Belloche et al. 2014). The vibrationally excited states provide more available points in the rotational diagram, which benefit the linear fit. 6.3 The gauche conformer of n-propyl cyanide g-n-PrCN is more asymmetric than the anti conformer, which contributes to both sizable aand bdipole moment components. Under selection rules, more diverse transitions can be identified confidently for the gauche conformer, which is of benefit for determining parameters especially the pure 𝐾 ones. We can observe both prolate pairing (occurring with low 𝐽′′ and high 𝐾 𝑎 ′′ ) and oblate pairing (occurring with high 𝐽′′ and low 𝐾 𝑎 ′′ ). Taking the distribution of b-type transitions of v30 = 1 as an example (as in Fig. 6-4), we can see more oblate pairing which consists of Chapter 6 Vibrationally excited states of n-propyl cyanide 85 b,o R-1, 1 and b,e R1, 1 transitions; usually together with a,e R0, 1 and a,o R0, 1 to form a quartet occurring with low 𝐾 𝑎 ′′ numbers, and all of them are with high 𝐽′′ at high frequency. In the quartet, sametype transitions have the same intensity, while b-type transitions are weaker than the a-type. As 𝐾 𝑎 ′′ increases, the prolate pairing consisting of same-intentity b,o R1, -1 and b,e R1, 1 transitions becomes predominant instead of the oblate pairing. The Q-branch lines are in two sub-branches in the spectrum, and are paired at large 𝐾 𝑎 ′′ numbers. The Q-branch lines with lower 𝐽′′ are not necessarily at lower frequency; for example in 𝐾 𝑎 ′′ = 12, the Q-branch lines with 𝐽 ′′ = 30 are located at higher frequency than 𝐽 ′′ = 37. From the diagrams, we can see the oblate pairing observed at high 𝐽 for low 𝐾 𝑎 levels, for example 𝐾 𝑎 ′′ = 6 and 8 in the first two panels and the prolate pairing more at low 𝐽 for high 𝐾 𝑎 levels, for example 𝐾 𝑎 ′′ = 8 and 12 in the last two panels. Q-branch b-type transitions, do not necessarily have increasing 𝐽 when sorted by increasing frequency. Changes of molecular parameters for the v30 = 1 and 2 vibrational states of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of (Müller et al. 2016b). The molecular parameters of v30 = 1 are expressed as 𝑋 𝑣 = 1 = 𝑋 𝑣 = 0 + ∆𝑋 and for v30 = 2, they are 𝑋 𝑣 = 2 = 𝑋 𝑣 = 0 + 2∆𝑋 + ∆∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. ∆𝜒 𝑎𝑎 in (Müller et al. 2016b) was fit on the ground-state value from (Vormann & Dreizler 1988). Other ground-state parameters used in (Müller et al. 2016b) were from (Belloche et al. 2009). The parameters determined in this work are based on the up-dated ground-state parameters.

𝑊𝑅𝑀𝑆 was calculated on the fit of all lines including v30 = 1 and 2. v30 = 1 is the lowest-lying vibrationally excited state of g-n-PrCN which corresponds to a -C2H5 torsion around the central C atom (Crowder 1987;Müller et al. 2016). In this work, measurements at 171 -251 GHz and 310 -506 GHz were added to refine the parameters (the frequency of transitions was limited to 127 GHz in Müller et al. 2016). We assigned new lines in the sequence of increasing 𝐽 for each 𝐾 𝑎 , first for the lower frequency range and then for the higher ones, so as to carefully check the coherence of the evolution of molecular parameters. When new lines could not be fit within experimental uncertainty, and especially when trends were observed, new additional parameters were tried sequentially. The final derived parameters with their uncertainties are listed in Table 6-3 and those determined in (Müller et al. 2016b) are listed simultaneously as comparison. We followed the method for coding the parameters of vibrationally excited states used in the previous paper, that is ∆𝑋 represents 𝑋 𝑣 = 1 -𝑋 𝑣 = 0 , and ∆∆𝑋 = 𝑋 𝑣 = 2 -𝑋 𝑣 = 0 -2∆𝑋. The decrease in intensities of lines of higher excited states made their fitting more difficult, especially at high frequencies. Finally we could fit 2632 more transitions (1524 new lines) for v30 = 1. All of the newly fitted 1457 a-type transitions were R-branch with ∆𝐾 𝑎 = 0 ( a R0,1); we tried to find Q-branch a-type lines (including ∆𝐾 𝑎 = 0 and 2) but they were much weaker (for example for two lines compared around 178.9 GHz the Q-branch a-type transition was about 50 times weaker than a nearby R-branch a-type transition, as Fig. 6-5(d)). The highest 𝐽 ′′ of a-type lines we could fit in our available frequency was around 90 near 500 GHz, with somewhat higher values for low 𝐾 𝑎 and somewhat lower values for high 𝐾 𝑎 . We fitted a-type transitions with 𝐾 𝑎 ′′ up to 20 over the whole range, and an additional 32 transitions with 𝐾 𝑎 ′′ between 21 and 25 between 170 -251 GHz. As for the ground state, a-type high 𝐽 low 𝐾 𝑎 transitions were usually oblate paired with b-type transitions in the same branch. Totally 1175 b-type transitions in both Rand Qbranches were added to the fit. Most b-type transitions measured were R-branch and more occurred in the high frequency range as the energy between neighboring 𝐾 𝑎 levels gets larger quickly with increasing 𝐾 𝑎 . Among the newly fitted R-branch b-type transitions about half were b R1,1 with 𝐾 𝑎 ′′ covering 0 to 19, while the b R-1,1 transitions all had 𝐾 𝑎 ′′ up to 12 and the b R1,-1 transitions had 𝐾 𝑎 ′′ not less than 6. Among the Q-branch, previously fitted transitions had 𝐾 𝑎 ′′ less than 12 between 37.30 -125.54 GHz, and 204 newly fitted transitions were all b-type with 𝐾 𝑎 ′′ ≤ 12 between 171 -251 GHz . Some typical features in the spectra (including transitions measured by Müller et al. 2016b) Fitted transitions of v30 = 2 were similar in type to of those of v30 = 1: 1045 R-branch a-type transitions, 778 R-branch b-type transitions, and 214 Q-branch b-type transitions; also no new hyperfine transitions were fitted. We found it was difficult to fit a-type transitions with 𝐽 ′′ larger than 89, for 𝐾 𝑎 ′′ = 0 and 1 as all these transitions showed residuals (assigned minus predicted) with a trend of increasingly negative values. New parameters could not be determined to remove this trend. Therefore we put all these identified transitions in a separate list reserved for future interpretation. As a precaution, all same-type transitions with 𝐽 ′′ larger than 89 at higher 𝐾 𝑎 ′′ than 1 were put into this supplementary list even if the lines appeared to fit correctly, to avoid any possibility that they distorted the molecular parameters and thus predictions at high frequencies. An obvious trend of residuals also took place with 𝐽 ′′ larger than 59 for 𝐾 𝑎 ′′ = 20, Chapter 6 Vibrationally excited states of n-propyl cyanide 90 therefore we could safely fit the a-type lines with highest 𝐽 ′′ = 58 for 𝐾 𝑎 ′′ = 20 at the frequency of 345.98 GHz. The limit of safe a-type lines climbed to 𝐾 𝑎 ′′ = 22 with 𝐽 ′′ less than 59, though some higher 𝐽 lines could also be fitted correctly we transferred them to a separate list but not used in the final fit. R-branch b-type transitions in our newly assigned frequency ranges could be classified in 3 groups as was the case for v30 = 1, i.e., b,e R1,1 b,o R-1,1 and b,o R1,-1. All these transitions were in the frequency ranges of 171 -251 GHz and 310 -500 GHz, with the coverage of 𝐾 𝑎 and 𝐽 similar to those of v30 = 1. The newly fitted b Q1,1 transitions were all in the range 171 -251 GHz with 𝐾 𝑎 ′′ from 12 -17; 𝐽 ′′ is from 19 -65 and not sequential with frequency. The two oand e-sub branch transitions show prolate pairing and hence have doubled intensities facilitating the assignments. The reliable predictions can be made in high frequency ranges not only on the uncertainties from .cat file but also the unidentified vibrational couplings that have already been observed in the fits, especially for high-energy states. Taking into account that vibrational coupling may cause some transitions to shift in frequency by up to the order of 1 MHz, safe predictions can be make up to 𝐽 ′′ = 88 at 𝐾 𝑎 ′′ ≤ 19 and 𝐽 ′′ = 59 at 20 ≤ 𝐾 𝑎 ′′ ≤ 25 for a-type transitions, and up to 𝐾 𝑎 ′′ = 14 for b-type transitions.

v29 = 1 of g-n-PrCN

v29 = 1 is a vibrational state lying in energy between v30 = 1 and v30 = 2. We started from the fit of (Müller et al. 2016b) and first added lines up to 251 GHz. When we got to 𝐾 𝑎 ′′ = 8 for new lines we started to have problems and the calculated 𝑊𝑅𝑀𝑆 larger than 1.40. We noticed that Q-branch b-type lines with high 𝐽 numbers in (Müller et al. 2016b) all had residuals more than three times the attributed uncertainties (3σ) with the same sign for a particular 𝐾 𝑎 ′′ . We decided to remove these problem lines from the fit, and concentrate on Q-branch b-type transitions at higher frequency that have stronger intensities (176 transitions with 𝐾 𝑎 ′′ between 12 -17 at 176 -242 GHz). The better parameters obtained allowed us to make more precise predictions and identify clearly that the problem lines show internal rotation splitting, that was previously difficult to differentiate from line crowding and quadruple hyperfine splitting. The split lines mostly show two components separated by around 0.5 MHz with similar intensity and center on the up-dated predictions (as Fig. 6-6). The measured center frequencies were hence assigned with a higher uncertainty (0.05 MHz). All lines included in our new fit up to 506 GHz are included in our final fit. R-branch b-type transitions were in the same three groups as v30 = 1 and 2, with the largest 𝐾 𝑎 ′′ = 19 and largest 𝐽 ′′ = 91 near 500 GHz. b R1,±1 are prolate paired (or close) with low 𝐽 ′′ and high 𝐾 𝑎 ′′ ; while b R±1,1 transitions are more oblate paired with high 𝐽 ′′ and low 𝐾 𝑎 ′′ , therefore nearly half of the newly measured 715 R-branch b-type transitions had (∆𝐽, ∆𝐾 𝑎 , ∆𝐾 𝑐 ) = (1, 1,1). All newly measured R-branch a-type transitions with 𝐾 𝑎 ′′ up to 20 and 32 were successfully fitted for frequencies up to respectively 506 and 251 GHz. a-type transitions with 𝐾 𝑎 ′′ = 11 were badly fitted above 𝐽 ′′ = 77 for the o-sub branch and 𝐽 ′′ = 82 for the e-sub branch with obvious trends. We put all these lines, with lines of larger 𝐽 ′′ and 𝐾 𝑎 ′′ (even if some have reasonable residuals), into a separate list as we did in v30 = 2 and they were excluded from our final fit. Finally we derived the parameter list as shown in Table 6-4 additionally determining ∆𝐻 𝐾 and ∆ℎ 1 . ∆𝐻 𝐽𝐾 was decreased by 60% compared with (Müller et al. 2016b), because of the correction of the measurement of lines with internal rotation splitting. The extension of the measured data allowed us to determine ∆ℎ 1 and this consequently made a large change to the values determined for ∆ℎ 2 and ∆ℎ 3 . The value of ∆𝐻 𝐽 was also better determined. The refined parameters allow confident predictions above 310 GHz for a-type Changes of molecular parameters for the v29 = 1 vibrational state of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of (Müller et al. 2016b). The molecular parameters of v29 = 1 are expressed as 𝑋 𝑣 = 1 = 𝑋 𝑣 = 0 + ∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. The hyperfine quadrupole parameters used were from Vormann & Dreizler (1988). Other ground-state parameters used in (Müller et al. 2016b) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters. (a) ∆𝐻 𝐾𝐽 had an error in sign in (Müller et al. 2016b) that is corrected here. (b) We checked 288 Q-branch b-type transitions used in (Müller et al. 2016b) and re-assigned 41 transitions with internal rotation splitting. (Müller et al. 2016b). The molecular parameters of v28 = 1 are expressed as 𝑋 𝑣 = 1 = 𝑋 𝑣 = 0 + ∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. The hyperfine quadrupole parameters used were from (Vormann & Dreizler 1988). Other ground-state parameters used in (Müller et al. 2016b) were from (Belloche et al. 2009). The parameters determined in this work are based on the up-dated ground-state parameters. (a) The value of ∆𝐷 𝐾 in Müller et al. (2016) was estimated with fairly secure assignments of the measured b-type transitions.

Most transitions measured in Müller et al. (2016) were R-branch a-type with 𝐽 ′′ less than 22 and 𝐾 𝑎 ′′ less than 19. The vibrational mode of v28 = 1 involves mainly methyl group torsion (Vormann & Dreizler 1988) leading to a considerable internal rotation character in the microwave spectra; some evidence for which was observed in (Müller et al. 2016b) when assigning transitions with 𝐾 𝑎 ′′ ≥ 3. Owing to this, our confident assignments for the high-𝐾 R-branch a-type transitions could not climb as high in 𝐽 ′′ as the lower-energy states of g-n-PrCN: 𝐽 ′′ = 40 between 𝐾 𝑎 ′′ = 10 to 20 at about 245 GHz. Since the internal rotation causes broadening, shoulders or splits which are more prominent in high 𝐽 transitions, we followed a similar procedure to (Müller et al. 2016b). For symmetric broadening, or splits with similar intensities of the two components, we assigned the prediction to the center and gave an uncertainty of 0.05 MHz. For splits with an intensity ratio of 1:2 or 2:1, we assigned the prediction to the weighted average frequency and gave an uncertainty of 0.10 MHz (as Fig. 67). The broadening and line density above 310 GHz made secure measurements for internal-rotation affected lines impossible; finally a-type transitions could be fitted with 𝐾 𝑎 ′′ up to 9 between 310 -506 GHz. The small number of b-type transitions measured in (Müller et al. 2016b) made it difficult to determine the pure 𝐾 parameters, 𝐷 𝐾 and 𝐻 𝐾 . For R-branch b-type transitions, the measurements with higher 𝐾 𝑎 ′′ were difficult because they were close to each other. This was already the case at lower frequency as described in (Müller et al. 2016b). However, 309 b R±1,1 transitions whose 𝐾 𝑎 ′′ up to 9 and 𝐽 ′′ up to 89 could be added to the fit up to 506 GHz. Because of the difficulty in assigning high 𝐾 𝑎 ′′ transitions, it was not possible to add new b R1,-1 transitions at higher frequency. Additionally, 12 new Q-branch b-type transitions could be assigned and fitted; all of these lines have 𝐾 𝑎 ′′ between 12 and 17 at 175 -245 GHz. These newly assigned b-type transitions proved useful to determine the molecular parameters especially ∆𝐷 𝐾 , whose value was freed and fitted consistent to the estimation in (Müller et al. 2016b). The limit of good predictions above 310 GHz is 𝐽 ′′ = 89 at 𝐾 𝑎 ′′ up to 5 and 𝐽 ′′ = 78 at larger 𝐾 𝑎 ′′ (≤ 9) for both aand b-type transitions, owing to the difficulty in assigning high 𝐾 transitions.

Fig. 67. Some examples of deformed line shapes caused by internal rotation in v28 = 1 of g-n-PrCN. a) shows the asymmetry in the wings, the slope can be seen to be different on each side of the line, this situation is quite common for 𝐽 ′′ = 0 and 1. b) unresolved split. c) a broadened line shape. d) a split with components of ratio 1:1, for which the prediction is assigned to the center. e) and f) splits with the components of ratio 1:2 or 2:1. We assigned predictions to the weighted center for these two cases.

The attributed uncertainties for a), e) and f) are 0.1 MHz; for b), c) and d) 0.05 MHz. Changes of molecular parameters for the v29 = v30 = 1 vibrational state of g-n-PrCN obtained from our latest fit using Watson's S reduction. The molecular parameters are expressed as 𝑋 𝑣 29 = 𝑣 30 = 1 = 𝑋 𝑣 = 0 + ∆𝑋 𝑣 29 = 1 + ∆𝑋 𝑣 30= 1 + ∆∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. Parameters without uncertainties were kept fixed in the fit. The parameters determined in this work are based on the updated ground-state parameters and the changes for v30 = 1 and v29 = 1 already determined in this work. (Hirota 1962) refers to seeing combination states in his measurements but gives no further details or analysis. The energy of this state was illustrated as the Fig. 6-1. We used the empirical method of estimating the parameters by addition of the changes of each individual vibrational state: 𝑋 𝑣 29 = 𝑣 30 = 1 = 𝑋 𝑣 = 0 + ∆𝑋 𝑣 29 = 1 + ∆𝑋 𝑣 30= 1 + ∆∆𝑋 . First predictions were made with ∆∆𝑋 = 0. Lines could then be easily assigned to transitions with low quantum numbers, and subsequently the correction ∆∆𝑋 was liberated for certain parameters to fit successively more transitions. The exploratory assignments began with intense R-branch a-type transitions and then b-type transitions. After all R-branch transitions were assigned and fitted, Q-branch b-type transitions were carefully measured, owing to the already identified internal rotation of v29 = 1 involved in the movement of this combination vibrational state and the higher energy giving weak lines. For R-branch a-type transitions, we could successfully fit all transitions with 𝐾 𝑎 ′′ up to 20 (excluding 𝐾 𝑎 ′′ = 18 , which showed a clear trend in residuals between 197.48 and 221.45 GHz) for frequencies below 251 GHz. But in the range 310 -506 GHz, the assignments appeared difficult in spite of larger intensities. As for other vibrational states of g-n-PrCN, the oblate pairing consisting of a-type and b-type transitions facilitated the assignments. However, the increasing separation of paired transitions with increase in quantum numbers made assignments more difficult combined with the blending and broadening in the high frequency range and the possible splits caused by internal rotations. Therefore very secure assignments with 𝐾 𝑎 ′′ up to 4 or 5 (for each sub-branch) were first made. Even after the improvement of the parameters several lines at each 𝐾 𝑎 ′′ could not be correctly fitted showing systematic residuals. All these lines are in the ranges of 𝐽 ′′ from 68 to 73 and 𝐽 ′′ from 89 to 93. We attributed this as due coupling with other vibrational states. Finally 935 R-branch a-type transitions were identified in all four frequency ranges. The assignment of b-type transitions was not easy due to low intensities at low frequencies and blending and broadening at high frequencies. The confidently assigned b-type transitions at high frequency were all oblate paired with intense a-type transitions with 𝐾 𝑎 ′′ less than 6. Totally, 487 R-branch b-type transitions were fitted. Q-branch b-type transitions were useful to correctly determine the parameter 𝐷 𝐾 . We identified internal rotation causing splits occurring at the frequency between 89.25 -126.75 GHz, in transitions with large 𝐽 ′′ . In this range, the Q-branch b-type transitions have 𝐾 𝑎 ′′ less than 11 and those that could be securely assigned have 𝐽 ′′ less than 45. For Q-branch b-type transitions with 𝐾 𝑎 ′′ between 13 and 18 in the range 310 -506 GHz, again, only prolate pairs were assigned. These transitions have low 𝐽 ′′ and hence are not affected by internal rotation. Finally 466 Q-branch b-type transitions were correctly fitted. Moreover, 110 hyperfine split transitions were fitted with fixed hyperfine parameters from v30 = 1. These are R-branch a-type transitions with 𝐽 ′′ approaching 𝐾 𝑎 ′′ (less than 11), b-type transitions (both Rand Q-branch) with 𝐾 𝑎 ′′ less than 4 at frequencies below 70 GHz. Using the newly derived molecular parameters, confident predictions of a-type transitions can be made up to 𝐽 ′′ = 68 at 𝐾 𝑎 ′′ ≤ 5 below 380 GHz, and 𝐽 ′′ = 41 at 𝐾 𝑎 ′′ ≤ 41 below 251 GHz (excluding lines of 𝐾 𝑎 ′′ = 18 that show residuals tant cannot be fitted). For b-type transitions, all R-branch transitions with 𝐾 𝑎 ′′ ≤ 11 below 251 GHz are reliable, and 𝐽 ′′ ≤ 41 for 𝐾 𝑎 ′′ ≤ 17 for the Q-branch also below 251 GHz. For frequencies above 310 GHz, the limit of b-type transitions has the same limit as the a-type because of the oblate pairing.
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The anti conformer of n-propyl cyanide

The anti conformer of n-PrCN is much more symmetric than the gauche, with larger 𝐴 parameters compared with 𝐶. Also a much smaller b-component of the dipole moment leads to weak b-type transitions that can hardly be identified in the assignments. Therefore the determination of the pure 𝐾 parameters, such as 𝐴 , 𝐷 𝐾 , 𝐻 𝐾 is fairly difficult using only Chapter 6 Vibrationally excited states of n-propyl cyanide 98 observable a-type transitions predominant in the list. Because of these less determined or undetermined parameters, precise predictions in the high frequency range were more difficult to make, compounding problems due to couplings between vibrational states. The 14 N quadrupole coupling affects the anti conformer more than the gauche because the quadrupole coupling parameters, especially 𝑥 𝑎𝑎 are larger. More hyperfine splitting lines can be identified especially for the R-branch a-type transitions occurring in low frequency ranges with 𝐾 𝑎 ′′ values close to 10 and the components can be better resolved. The Q-branch transitions of the anti conformer are generally too weak to be identified. Confident assignments with 80 ≤ 𝐽 ′′ ≤ 87 were not possible because of the unresolved lines.

Oblate pairing does not occur as common as in the gauche conformer, and separation of transitions with 𝐾 𝑎 ′′ ≥ 8 from prolate pairs made the assignments at high frequencies difficult (Fig. 6-8; previously the difficulty described in (Müller et al. 2016b) occurs with 𝐾 𝑎 ′′ = 4 at low frequencies). Most transitions with 𝐾 𝑎 ′′ ≥ 3 occurring closely within a narrow frequency range at low frequencies, as referred to in (Müller et al. 2016b), lead to blending of lines (see Fig. 6-9, especially in a) and c)). between 38 and 48 at 173 -217 GHz could not be correctly measured because of the poor line shape; measurements could be made with larger 𝐽 ′′ , but the residuals were already over our acceptable value (3σ). All good measurements showing large residuals and a trend that could not be corrected with additional parameters were put in a separate list as was done for the gauche conformer. For measurements between 310 -506 GHz, we were only able to fit up to 𝐾 𝑎 ′′ = 3 with the previous parameter list. First we tried to add ∆ℎ 1 and ∆ℎ 2 , as ℎ 1 and ℎ 2 could be determined for the ground but these parameters did not allow us to fit higher 𝐾 𝑎 ′′ lines correctly. In order to fit correctly we had to add ∆ℎ 3 , but in this case, ∆ℎ 1 could not be determined any more. Finally the best fit was obtained using ∆ℎ 2 and ∆ℎ 3 . When fitting lines from 310 -506 GHz, we could not successfully fit above 𝐽 ′′ = 84 for 𝐾 𝑎 ′′ = 14 with all problem lines showing negatively trended residuals. The same problems also occurred for 𝐾 𝑎 ′′ = 15 (with positive trended residuals) and 16 (positive trended but smaller residuals). More high order parameters could not fit these problem lines, and the value of parameters varied largely and became dependent on the data set used. We hence omitted these lines from the fit. Although 𝐾 𝑎 ′′ = 17 , 18 and 19 could then be fitted with all determined parameters, by precaution we put all lines with 𝐽 ′′ > 84 and 𝐾 𝑎 ′′ above 13 into our separate list. Extensive fitting of b-type lines proved difficult. We did, however succeed in measuring 125 b-type transitions, up to 251 GHz. Most of these b-type transitions are Q-branch with 𝐾 𝑎 ′′ up to 3 because of their higher intensities. For R-branch b-type transitions we could get to 𝐽 ′′ = 55 and 𝐾 𝑎 ′′ = 2. b-type lines were very useful for determining ∆𝐴 and ∆𝐷 𝐾 , and their uncertainties largely decreased (to one tenth of their previous values, and see Table 6-8 for the comparison between parameters fitted with and without b-type transitions). The value of 𝐻 𝐾 in the ground state of a-n-PrCN could not be correctly determined, and no changes ( ∆𝐻 𝐾 ) were hence determined for the vibrationally excited states. Using the new parameters, we can make relatively confident predictions with 𝐽 ′′ up to 119 for 𝐾 𝑎 ′′ ≤ 28 , but predictions for 𝐾 𝑎 ′′ = 14, 15 and 16 with 𝐽 ′′ ≥ 84 should not be used when the measured frequency is not available because of the vibrational coupling. Changes of molecular parameters for the v30 = 1, 2 and v18 = 1 vibrational states of a-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of (Müller et al. 2016b). The molecular parameters of v30 = 1 and v18 = 1 are expressed as 𝑋 𝑣=1 = 𝑋 𝑣=0 + ∆𝑋 and for v30 = 2, they are 𝑋 𝑣=2 = 𝑋 𝑣=0 + 2∆𝑋 + ∆∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. The hyperfine quadrupole parameters used were from (Vormann & Dreizler 1988). Other ground-state parameters used in (Müller et al. 2016b) were from (Belloche et al. 2009).

The parameters determined in this work are based on the up-dated ground-state parameters. The value of 𝐻 𝐾 in the ground-state a-n-PrCN cannot be correctly determined, and no differences were hence determined for the vibrationally excited states. Coupling parameters are used to fit transitions showing Coriolis and Fermi coupling of v30 = 2 and v18 = 1. 𝑊𝑅𝑀𝑆 was calculated on the fit of all lines including v30 = 1, 2 and v18 = 1. (a) The value of ∆∆𝐻 𝐾𝐽 was estimated in (Müller et al. 2016b), however, we were able to free it in this fit. (b) Only a-type transitions were taken into account for max 𝐽 ′′ and max 𝐾 𝑎 ′′ , because most lines measured are a-type for a-n-PrCN. 

v30 = 2 and v18 = 1 of a-n-PrCN

The fitting for v30 = 2 was started after the parameters of v30 = 1 were obtained. We first fitted the transitions from 171 -251 GHz with increasing 𝐾 𝑎 ′′ . For 𝐾 𝑎 ′′ = 9, transitions with 𝐽 ′′ between 43 and 55 could not be correctly fitted, neither could the transitions with 𝐾 𝑎 ′′ = 10 and 11. We suspected the fixed value of ∆∆𝐻 𝐾𝐽 might be the problem. Previously in (Müller et al. 2016b), ∆∆𝐻 𝐾𝐽 was restrained to the value of ∆𝐻 𝐾𝐽 by using the calculated ratio of ∆∆𝐷 𝐽𝐾 to ∆𝐷 𝐽𝐾 , because if freed, its determined value was unexpectedly large compared to ∆𝐻 𝐾𝐽 . Then with a fixed ∆∆𝐻 𝐾𝐽 , (Müller et al. 2016b) found Coriolis and Fermi coupling between energy levels of v30 = 2 and v18 = 1 and coupling parameters 𝐹 and 𝐺 𝐶 were included to fit the transitions showing coupling. We re-fit the transitions in (Müller et al. 2016b) and found that with 𝐹 and 𝐺 𝐶 , ∆∆𝐻 𝐾𝐽 was not necessary to fit all lines up to 125 GHz. Up to 251 GHz, however, freeing ∆∆𝐻 𝐾𝐽 was important for our fits with a larger value, about three times ∆𝐻 𝐾𝐽 , determined. After lines with 𝐾 𝑎 ′′ up to 11 in v30 = 2 were successfully fitted, we started to assign lines of v18 = 1 at 171 -251 GHz, since no major coupling had been observed previously up to this 𝐾 𝑎 ′′ value. Lines with 𝐾 𝑎 ′′ up to 12 could be fitted for v18 = 1. However, lines with higher 𝐾 𝑎 ′′ were calculated with residuals beyond our expectance. After including the new data, previously measured v30 = 2, lines with 𝐾 𝑎 ′′ = 12 and 13 had positive residuals above 3σ whereas residuals with negative values could be found for previous measurements of v18 = 1 with 𝐾 𝑎 ′′ = 13 and 14. For 𝐾 𝑎 ′′ = 14 of v30 = 2, residuals were between -0.22 to -0.30 MHz for previous measurements; while for 𝐾 𝑎 ′′ = 15 of v18 = 1, the residuals were positive with almost same absolute values as v30 = 2. Restraining ∆∆𝐻 𝐾𝐽 as before, did not help. As strong Coriolis coupling occurs with 𝐾 𝑎 ′′ = 14 of v30 = 2 and 𝐾 𝑎 ′′ = 15 of v18 = 1 (as Fig. 6-10), we attributed the problem to insufficient coupling parameters, and determined that 𝐺 𝐶𝐽 and 𝐹 𝐾 were necessary for fitting these lines. The effect of adding these two parameters is shown in Fig. 6-11. We could then fit lines of v30 = 2 with 𝐾 𝑎 ′′ up to 19. Lines with 𝐾 𝑎 ′′ = 19 above 𝐽 ′′ = 51 showed asymmetrical shapes and even splits. For v18 = 1 we could safely assign and fit lines with 𝐾 𝑎 ′′ up to 20. We then moved on to the higher frequency range above 310 GHz. Fitting was successful for 𝐾 𝑎 ′′ = 8 for v30 = 2 up to 506 GHz, but at 𝐾 𝑎 ′′ = 9 we were hindered by separation of transitions from their prolate pair at 𝐽 ′′ = 95, which lead to a broadening of the line shape or even unresolved splits. Fitting with higher 𝐾 𝑎 ′′ proved difficult, and at the higher energy, coupling with other vibrational states is possible. We noticed obvious trends in Chapter 6 Vibrationally excited states of n-propyl cyanide 103 the residuals of lines with 𝐾 𝑎 ′′ ≥ 10. For example, positive-trend residuals (0.12 to 0.31 MHz) for 𝐽 ′′ between 83 -111 at 𝐾 𝑎 ′′ = 10, negative-trend residuals (-0.08 to -1.46 MHz) in 𝐽 ′′ between 84 -109 at 𝐾 𝑎 ′′ = 11. Lines showing identified trends in the residuals with 𝐾 𝑎 ′′ up to 17 are removed separately; higher 𝐾 𝑎 ′′ lines could not be followed and assigned confidently. For v18 = 1, the separation of sub branches of R-branch a-type transitions also stopped us fitting transitions with 𝐽 ′′ larger than 85 at 𝐾 𝑎 ′′ = 9. Up to 𝐾 𝑎 ′′ = 16, measurements could be correctly fitted up to 𝐽 ′′ = 76 at around 336 GHz; the fits for higher 𝐽 ′′ transitions with trended residuals are not included in our final fit. We could successfully fit another 25 b-type transitions with 𝐾 𝑎 ′′ = 0 and 1 for v30 = 2, most of them R-branch transitions between 171 -250 GHz. For these two states, confident predictions should be possible up to 𝐽 ′′ = 110 at 𝐾 𝑎 ′′ ≤ 9; for higher 𝐾 𝑎 ′′ ≤ 17 confident predictions are limited to 𝐽 ′′ ≤ 82. The difficulty of the fits for v30 = 1, 2 and v18 = 1 of a-n-PrCN is increased by a non-resonant Coriolis interaction between v30 = 1 and v18 = 1. The very large and opposite ∆𝐴 determined for the two states indicate a considerable first order interaction parameter, 𝐺 𝑎 . This interaction likely influences the changes in other parameters. Because of the multiple interactions possible between several vibrational states, the determination of this parameter would require further measurements and analysis that are outside the scope of this work for predicting the stronger lines in astrophysical survey. However, this may be done in future. Changes of molecular parameters for the v29 = 1 vibrational states of a-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of (Müller et al. 2016b). The molecular parameters of v29 = 1 are expressed as 𝑋 𝑣=1 = 𝑋 𝑣=0 + ∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. The hyperfine quadrupole parameters used were from (Vormann & Dreizler 1988). Other ground-state parameters used in (Müller et al. 2016b) were from (Belloche et al. 2009). The parameters determined in this work are based on the up-dated ground-state parameters. (a) Maximum 𝐾 𝑎 ′′ of newly assigned transitions is 17; transitions with 𝐾 𝑎 ′′ = 18 are all measured by (Müller et al. 2016b) below 125 GHz.

v29 = 1 of the anti conformer is a vibrational state with energy between v30 = 2 and v18 = v30 = 1. The assignments for transitions in higher states were difficult since their intensities get weaker and the possibility of coupling with other states increases. As explained previously the identification of b-type transitions was even harder. Since only a-type transitions with ∆𝐾 = 0 were identified it was not possible to determine ∆𝐷 𝐾 . ∆𝐴 was also not well. We could identify internal rotation splits caused by the methyl group torsion with 𝐾 𝑎 ′′ = 1 and 2 for the e-sub branch transitions. All of the split lines are between 171 -251 GHz, with 𝐽 ′′ between 39 -57 for 𝐾 𝑎 ′′ = 1 and between 46 -55 for 𝐾 𝑎 ′′ = 2. At higher frequencies internal rotation splitting and accidental line overlap could not be discriminated and hence measurements were not made if a single symmetric line was not identified. Finally, transitions with 𝐾 𝑎 ′′ up to 17 could be fit between 171 -251 GHz with 𝐽 ′′ between 39 and 58. Above 171 GHz transitions Chapter 6 Vibrationally excited states of n-propyl cyanide 106 with 𝐾 𝑎 ′′ = 11 could not be correctly fit, with residuals from 0.43 to 1.53 MHz showing a trend with increasing 𝐽 ′′ (the residual of each 𝐽 ′′ is shown in Fig. [6][7][8][9][10][11][12]. This is probably due to coupling with another vibrational state, as other 𝐾 𝑎 ′′ transitions (above and below) in the frequency range could be well fitted. For measurements from 310 -506 GHz, we could fit transitions with 𝐾 𝑎 ′′ up to 8. For weaker non-prolate paired transitions with 𝐾 𝑎 ′′ less than 8, overlaps stopped us fitting more transitions, especially those with 𝐾 𝑎 ′′ from 4 to 7. Higher 𝐾 𝑎 ′′ transitions were measured but all with trends in the residuals, and were removed with all assigned 𝐾 𝑎 ′′ = 11 transitions to a separate list. Explorative fits including transitions with 𝐾 𝑎 ′′ = 9 and 10 at 310 -506 GHz changed determined parameters significantly and required illogical higher order parameters. Also the fits became dataset dependent since the newly determined parameters fit transitions with even higher 𝐾 𝑎 ′′ , worse than the previous. Therefore all assignments of transitions with 𝐾 𝑎 ′′ ≥ 9 were put into the separate list for further research. Finally the changes of parameters are shown in Table 6-9. Confident predictions can be made with 𝐾 𝑎 ′′ ≤ 8 for 𝐽 ′′ up to 90. Higher 𝐾 𝑎 ′′ predictions can be made with relative confidence especially at lower frequencies except for 𝐾 𝑎 ′′ = 11 because of the unidentified vibrational coupling. Changes of molecular parameters for the v18 = v30 = 1 vibrational state of a-n-PrCN obtained from our latest fit using Watson's S reduction. The molecular parameters are expressed as 𝑋 𝑣 18 = 𝑣 30 = 1 = 𝑋 𝑣 = 0 + ∆𝑋 𝑣 18 = 1 + ∆𝑋 𝑣 30= 1 + ∆∆𝑋. Numbers in brackets represent the uncertainty compared to the last quoted digit. Parameters without uncertainties were kept fixed in the fit. The hyperfine quadrupole parameters used were from (Vormann & Dreizler 1988). The parameters determined in this work are based on the updated ground-state parameters and the changes for v30 = 1 and v18 = 1 already determined in this work.

We present in Table 6-10 the first published molecular parameters for v18 = v30 = 1 of a-n-PrCN. (Hirota 1962) refers to seeing combination states in his measurements but gives no further details or analysis. The assignments were quite difficult as this state has the highest energy in our present study (illustrated in the Fig. 6-1). This leads to weakness of transitions and also bad line shapes (as Fig. 6-12); finally 613 transitions (492 lines) were assigned and fitted below 506 GHz. All transitions measured are a-type R-branch because of their strong intensities. At the beginning, only parameters of v30 = 1 and v18 = 1 were used to make predictions, that can be seen from the table 6-10 to give relatively correct estimates of 𝐵, 𝐶 and 𝐷 𝐽 . These estimates were sufficiently correct, along with the other approximate parameters, to identify lines with 𝐾 𝑎 ′′ between 0 and 5 below 70 GHz. Then more lines could be identified with iterative fitting and refinement of the parameters. Lines were measured sequentially through all four available frequency ranges: 36 -70, 89 -126, 171 -251, and 310 -506 GHz as increasing 𝐽 ′′ and 𝐾 𝑎 ′′ . We could safely measure transitions with the highest 𝐾 𝑎 ′′ = 8 in all available frequency ranges. Below 70 GHz we were able to measure some additional lines (𝐽 ′′ between 10 and 14 for 𝐾 𝑎 ′′ = 9; 𝐽 ′′ between 11 and 13 for 𝐾 𝑎 ′′ = 10). Measurements for higher 𝐾 𝑎 ′′ transitions need high order centrifugal distortion parameters, which are also better determined by fitted transitions with high quantum numbers. Lower intensities of higher 𝐾 𝑎 ′′ transitions and possible coupling with v29 = 1 presented ambiguities for their assignments. Conversely, lack of lines with high 𝐾 𝑎 ′′ make it difficult to characterize any coupling with v29 = 1. Exploratory fits for transitions with 𝐾 𝑎 ′′ = 9 and 10 between 89 -126 GHz resulted in negative residuals of about -0.2 MHz (20 ≤ 𝐽 ′′ ≤ 22) and -0.36 --0.45 MHz (20 ≤ J" ≤ 24) respectively, however without any clear trends; all these tentative measurements are reserved. Other measurements fitted with significant residuals (showing that more parameters are needed), include lines with 51 ≤ 𝐽 ′′ ≤ 55 of 𝐾 𝑎 ′′ = 8 at 230.61 -248.34 GHz (residuals between 0.09 -0.34 MHz) and 90 ≤ 𝐽 ′′ ≤ 111 of 𝐾 𝑎 ′′ = 1 at 396. . The 𝑊𝑅𝑀𝑆 we derived was somewhat larger than other states because high frequency lines were somewhat less well predicted with the current parameter list. Including ∆∆𝐻 𝐾𝐽 in the fit gave a determined value of -547(43)×10 -9 , however, since this value was unreasonably large we did not use it in the final fit. 58 hyperfine split transitions, below 70 GHz, were added to the list with 𝐾 𝑎 ′′ between 4 and 10. Hyperfine split parameters from (Vormann & Dreizler 1988) for the ground state are sufficient to fit them. Confident predictions are possible up to 𝐾 𝑎 ′′ = 7, for 𝐽 ′′ ≤ 89, For 𝐾 𝑎 ′′ = 8, up to 𝐽 ′′ = 50 and for 𝐾 𝑎 ′′ = 9 and 10, only predictions below 70 GHz can be treated with full confidence.

Tentative attempts to identify transitions of v30 = 3 in both conformers by extrapolation of the parameters from v30 = 0, 1 and v30 = 2 have not as yet been successful and require further work. Chapter 7 Conclusion and outlook

Conclusion

Normal-propyl cyanide (n-PrCN) is one of the most complex organic molecules detected in the interstellar medium. It has two stable conformers anti (a-n-PrCN) and gauche (g-n-PrCN). The research on increasingly complex organic molecules contributes to understanding the physical conditions and chemical processes in interstellar space and especially star forming regions where many complex molecules are formed. Additionally PrCN is the most complex N-bearing alkyl cyanide detected in the interstellar medium and this complexity may provide us with clues of the potential link between molecules created in star forming regions and the formation of prebiotic molecules.

After first spectroscopic measurements and analysis up to 127 GHz, vibrationally excited n-PrCN in its lowest eight states (four vibrationally excited states for each conformer) was detected in Sagittarius B2 (Sgr B2 for short) using the Atacama Large Millimeter/submillimeter Array (ALMA). Including vibrational states in interstellar modeling not only allows their lines to be excluded when searching for new species but may provide new information on the chemistry and the physical processes in the objects studied. Furthermore, information on the vibrational states should be taken into account in the partition function used for estimation of the column density of the molecule studied. We subsequently decided to further our laboratory spectral investigation of n-PrCN up to 506 GHz in order to have good predictions for high frequency spectral surveys of Sgr B2 and other star forming regions to be taken with ALMA and other interferometers.

We subsequently added 11453 new lines to fits for both conformers of n-PrCN, including previously studied states and two additional combination states. For the ground states of the two conformers, we have additionally assigned 1284 lines for the anti and 1861 lines for the gauche all in four available ranges. For the already fitted and detected vibrationally excited states: v30 = 1 (935 lines), v30 = 2 (646 lines), v18 = 1 (543 lines), v29 = 1 (393 lines) of the anti conformer, and v30 = 1 (1524 lines), v30 = 2 (1150 lines), v28 = 1 (419 lines), v29 = 1 (1177 lines) of the gauche conformer, the extended line assignments were carried out mainly in the frequency ranges 171 -251 and 310 -506 GHz. The inclusion of these newly fitted lines gives a more precise and extended list of molecular parameters to improve the predictions over the entire operating range of ALMA and other radio telescopes. The present data will be useful to search for vibrationally excited states of n-PrCN toward other active star forming regions (like Orion KL) with ALMA and other interferometers (like NOrthern Extended Millimeter Array, Very Large Array) with high spatial and spectral resolutions. For Coriolis and Fermi coupling between v30 = 2 (𝐾 𝑎 ′′ ≥ 13) and v18 = 1 (𝐾 𝑎 ′′ ≥ 14), two more coupling parameters 𝐹 𝐾 and 𝐺 𝐶𝐽 (in addition to ∆𝐸, 𝐹 and 𝐺 𝑐 ) were derived from fitting. During the analysis, we not only continued assigning internal rotation split transitions in v28 = 1 of g-n-PrCN between 171 -251 GHz but also identified additional internal rotation splitting of the Q-branch b-type transitions occurring in v29 = 1 (for both the fundamental and combination states) of the gauche conformer at frequencies below 125 GHz and also in the R-branch a-type transitions in v29 = 1 of the anti conformer with 𝐾 𝑎 ′′ = 1 and 2, at 171 -251 GHz. This splitting is not expected to be resolved in astrophysical spectra. We have provided the first published measurements and derived parameters for the combination state v18 = v30 = 1 for a-n-PrCN and v29 = v30 = 1 for g-n-PrCN, both found by using our parameters for the individual vibrational states. Up till now, 492 new lines of v18 = v30 = 1, a-n-PrCN and 1029 of v29 = v30 = 1, g-n-PrCN could be added to the fits. Transitions of these and other higher-lying vibrational states may be observable, for example, in ALMA Cycle 6. The reliability of predictions for each conformer and state has been discussed in the appropriate section. Above these limits, it is best to use the measured frequencies referred to below. Lines assigned but not fitted correctly with our updated parameters are moved to separate lists (not included in the fits) for astrophysical identification and will require future work to identify other vibrational couplings. These lines either have a shift more than three times the estimated experimental uncertainty or show clear trends in deviation, or both. Also lines that fit correctly but above 𝐾 𝑎 and 𝐽 ranges already showing deviations have been included in the supplementary list and not in the final fit by precaution.

Outlook

The small but significant frequency shifts observed in some measured lines excluded from the analysis are likely due to further vibrational coupling which need further measurements and analysis to be correctly treated. For example, there is most likely in a-n-PrCN, a non-resonant interaction between v30 = 1 and v18 = 1 as indicated by large but opposite variations in the determined ∆𝐴 rotational constant. v30 = 2 is also probably affected by coupling with nearby states. Hence full treatment of the perturbed lines implies the measurement at higher sensitivity of several additional higher vibrational states such as v30 = 3 and v18 = 2 and subsequent combined analysis. Tentative attempts to identify transitions of v30 = 3 in both conformers by extrapolation of the parameters from v30 = 0, 1 and 2 have not as yet been successful and require further work. This may be facilitated by higher experimental temperature, to increase the population of high-energy excited states. Evidence for coupling in the gauche conformer is also seen but affects less the fitting. Additionally, to better illustrate the internal rotation splitting, a better spectral resolution in laboratory measurements is needed. Besides improving the resolution of our current equipment by for example decreasing the pressure in the cell, higher resolved detection, for example microwave Fourier transform spectroscopy, could be used.

As well as further discussion on the problems we met in lines fitting, the detection by ALMA and/or other powerful telescopes for these identified frequencies are also interesting and necessary. This includes the higher frequencies identification of the already detected states of n-PrCN and also the two higher combination states newly provided here.

The ground-state branched isomer of PrCN was detected from Sgr B2(N) (Belloche et al. 2014) and Orion KL (Pagani et al. 2017), but not found in vibrationally excited states to date. Some publications reported the laboratory measurements (Kolesniková et al 2017b;Arenas et al. 2017), which may be useful when doing careful inspections on the observation. Following the complexity of the alkyl cyanides, butyl cyanide (C4H9CN, also named valeronitrile or pentanenitrile) is the next molecule to be studied. Butyl cyanides exist in four different isomers: one straight-chain, two branched and one doubly branched. All four isomers have been well studied spectroscopically in ground states (the publications summarized in Wehres et al. 2018), but none of them have detected in space to date. By astrochemical calculation, the straightchain isomer is just short of the detection limit of the EMoCA survey, therefore the detection of two branched isomers is promising since evidence suggests that they may have higher abundances and new observations with ALMA are expected to have better signal to noise ratio. (Wehres et al. 2018) have already demonstrated the vibrationally excited branched isomers have significant population at room-temperature and hence there might also be a possibility of their detection.

Conclusion (en franç ais)

Le cyanure de propyle normal (n-PrCN) est l'une des molécules organiques les plus complexes dé tecté es dans le milieu interstellaires. Il possè de deux conformè res stables anti (a-n-PrCN) et gauche (g-n-PrCN). La recherche sur des molé cules organiques de plus en plus complexes contribue à la compré hension des conditions physiques et des processus chimiques dans l'espace interstellaire et en particulier dans les régions de formation d'étoiles où de nombreuses molé cules complexes sont formé es. De plus, PrCN est le cyanure d'alkyle portant l'azote, le plus complexe identifié à ce jour, et cette complexité peut nous fournir des indices sur le lien potentiel entre les molé cules cré é es dans les ré gions de formation d'é toiles et la formation de molé cules pré biotiques.

Aprè s les premiè res mesures et analyses spectroscopiques jusqu'à 127 GHz, le n-PrCN dans ses huit é tats de vibration les plus bas (quatre é tats excité s pour chaque conformè re) a é té dé tecté dans Sagittarius B2 (Sgr B2 en abré gé ) avec le grand ré seau d'antennes millimé trique/submillimé trique de l'Atacama (ALMA). L'inclusion d'é tats vibrationnels dans la modé lisation du milieu interstellaire permet non seulement d'exclure leurs raies lors de la recherche de nouvelles espè ces, mais peut fournir de nouvelles informations sur la chimie et les processus physiques des objets é tudié s. De plus, les informations sur les é tats vibrationnels doivent ê tre prises en compte dans la fonction de partition utilisé e pour l'estimation de la densité de colonne de l'espè ce é tudié e. Nous avons ensuite dé cidé de poursuivre notre é tude spectrale en laboratoire du n-PrCN jusqu'à 506 GHz afin d'avoir de bonnes prévisions pour les relevés spectraux à haute fré quence de Sgr B2 et d'autres ré gions de formation stellaire qui seront effectué s avec ALMA et d'autres interfé romè tres.

Nous avons ensuite ajouté 11453 nouvelles raies aux analyses (par ajustement des paramè tres molé culaires) pour les deux conformè res de n-PrCN, y compris les é tats vibrationnels pré cé demment é tudié s et deux é tats de combinaison supplé mentaires. Pour les é tats fondamentaux des deux conformè res, nous avons é galement attribué 1284 raies pour le conformè re anti et 1861 pour le gauche, toutes ré parties dans quatre plages spectrales disponibles. Pour les é tats excité s dé jà partiellement analysé s et identifié es : v30 = 1 (935 raies), v30 = 2 (646 raies), v18 = 1 (543 raies), v29 = 1 (393 raies) du conformè re anti et v30 = 1 (1524 raies), v30 = 2 (1150 raies), v28 = 1 (419 raies), v29 = 1 (1177 raies) du conformè re gauche, les nouvelles identifications de raies ont é té effectué es principalement dans les gammes de fré quences 171 -251 et 310 -506 GHz. L'inclusion de ces raies nouvellement ajouté es à l'ajustement fournit une liste plus pré cise et plus é tendue de paramè tres molé culaires pour amé liorer les pré visions sur toute la plage de fonctionnement d'ALMA et d'autres radioté lescopes. Les nouvelles donné es seront utiles pour rechercher des é tats excité s de vibration de n-PrCN vers d'autres ré gions de formation d'é toiles (telles qu' Orion KL) avec ALMA et d'autres interfé romè tres (tels que NOrthern Extended Millimetre Array, Very Large Array) à haute ré solution spatiale et spectrale. Pour le couplage de Coriolis et de Fermi entre v30 = 2 (𝐾 𝑎 ′′ ≥ 13) et v18 = 1 (𝐾 𝑎 ′′ ≥ 14), deux paramè tres de couplage supplé mentaires 𝐹 𝐾 et 𝐺 𝐶𝐽 (en plus de ∆𝐸 , 𝐹 et 𝐺 𝑐 ) ont été déterminés. Au cours de l'analyse, nous avons non seulement continué à identifier des transitions avec dé doublement, causé par la rotation interne, dans v28 = 1 de g-n-PrCN entre 171 et 251 GHz, mais nous avons aussi identifié une structure de rotation interne des transitions de type b de la branche Q apparaissant dans v29 = 1 (dans les deux cas des é tats fondamentaux et de combinaison) du conformè re gauche à des fré quences infé rieures à 125 GHz et é galement dans les transitions de type a de la branche R dans v29 = 1 du conformè re anti avec 𝐾 𝑎 ′′ = 1 et 2, à 171 -251 GHz. Cette structure n'est pas susceptible d'ê tre ré solue dans les spectres astrophysiques. Nous avons fourni les premiè res mesures publié es et les paramè tres ainsi dé terminé s pour l'é tat de combinaison v18 = v30 = 1 pour a-n-PrCN et v29 = v30 = 1 pour g-n-PrCN, tous deux trouvé s en utilisant nos paramè tres pour les é tats vibrationnels individuels. Actuellement 492 nouvelles raies de v18 = v30 = 1, a-n-PrCN et 1029 de v29 = v30 = 1, g-n-PrCN ont pu ê tre ajouté es aux ajustements. Des transitions de ces é tats vibrationnels plus é levé s ainsi que d'autres pourraient ê tre observé es, par exemple, dans le cycle 6 d'ALMA. La fiabilité des pré visions pour chaque conformè re et é tat a é té discuté e dans la section approprié e. Au-dessus de ces limites, il est pré fé rable d'utiliser les fré quences mesuré es, mentionné es ci-dessous.

Les raies identifié es mais mal pré vues avec nos nouveaux paramè tres ont é té placé es dans des listes distinctes (pas inclues dans l'ajustement) pour l'identification astrophysique et né cessiteront des travaux ulté rieurs pour identifier d'autres couplages vibrationnels. Ces raies pré sentent un dé calage plus de trois fois supé rieur à l'incertitude expé rimentale estimé e ou montrent une tendance clairement identifié e à la dé viation, ou les deux. Les raies qui sont correctement pré vues mais qui sont au-dessus des plages 𝐾 𝑎 et 𝐽 pré sentant dé jà des é carts ont é té incluses dans la liste supplé mentaire et non dans l'ajustement final par pré caution. The spectrum, the results after spectrum calculations, and predictions are all shown in the large central display area. A green bar below the drawing area is used to shift the predictions downwards or upwards for assigning lines, and the shift can also be finely adjusted by the two green dialog boxes on the lower left. Below is the frequency positions of the cursors. Users can select a rectangle using the mouse in the display area, and the two frequencies of the rectangle boundaries are displayed to easily know the frequency of the area of interest.

The six rounded rectangle buttons on the lower right side named "panel selection" can be used to carry out operations on the spectral data, control the prediction of lines, and make assignments.

The first button opens the "simulation settings" window (Fig. A-3). This is used to control operations on the catalogue of predictions that is currently active. The top left box is used to choose a color for the predictions so as to clearly show different catalogues at the same time. Presenting more than one prediction in the display allows us to rule out peaks which may be mismatched with other predictions (another conformer or vibrational state) or determine the peak shift or deformation caused by several predictions in close proximity. Taking n-PrCN as an example (see Fig. A-4), the line between 173041 and 173042 MHz belongs to predictions in two vibrational states, the ground state and v30 = 2 of the gauche conformer; the lines from 173043 to 173044 MHz are narrowly overlapped, the same situation can be found from 173045 to 173046 MHz; the line from 173049 to 173050 MHz is deformed by many overlapping transitions. Therefore, the way of multi-presentation allows users to avoid mistakes in assignment of lines and to know quickly the degree of superimposition of lines in the frequency range observed. The "data settings" panel is shown as part of Fig. A-6. This panel is used to do some simple manipulations on the measured spectral data and to set peaks or valleys for measuring lines. In our experiments we set peaks, for the inversed absorption lines. The "picker width" box is used to set the number of points for determining the line centers. The derivative box can be filled with an integer for making a digital second derivative (using equation A.1) to remove the baseline caused by the residual standing waves in the cell or residual oscillation by the alternating current from power supply. However, the number should not be too large to avoid distorting or even fabricating peaks (as shown in Fig. A-6); the right number of point spacing, (generally 5 -10) does not change the relative intensities of the peaks. The smoothing box is used to reduce fast varying noise (see equation A.2 for details). During assignments, the number of points used in the derivative and smooth boxes should be the same for line measurements in a frequency section so as to have consistent data for analysis. Therefore, we can easily compare intensities and the trend in the shifts compared with the predictions.

𝑉𝐶(𝑖) = { 2𝑉𝐷(𝑖) -𝑉𝐷(𝑖 -𝑑𝑒𝑟) -𝑉𝐷(𝑖 + 𝑑𝑒𝑟), 𝑑𝑒𝑟 < 𝑖 ≤ 𝑛𝑢𝑚 -𝑑𝑒𝑟 𝑉𝐷(𝑖), 𝑜𝑡ℎ𝑒𝑟 (A.1) 𝑉𝐵(𝑖) = { ∑ 𝑉𝐷(𝑖-𝑘) (𝑠𝑚𝑡-1)/2 -(𝑠𝑚𝑡+1)/2+1 𝑠𝑚𝑡 , (𝑠𝑚𝑡 -1)/2 < 𝑖 ≤ 𝑛𝑢𝑚 -(𝑠𝑚𝑡 -1)/2 𝑉𝐷(𝑖), 𝑜𝑡ℎ𝑒𝑟 (A.2)
Expressions (A.1) and (A.2) are used to calculate the numerical second derivative and smoothing for a discrete spectrum data by SMAP. 𝑉𝐷(𝑖) is the point of the spectrum to be treated; 𝑉𝐶(𝑖) is the second derivative of the number of points, 𝑑𝑒𝑟, which can be specified by users named "Derivative" in the subpanels of fig. A-6 as 0, 7 and 30. 𝑉𝐵(𝑖) is smoothing of the number of points, 𝑠𝑚𝑡 (must be odd, named Smoothing in the fig. A-6). In both expressions, 𝑛𝑢𝑚 is the length of the spectrum data. c) is the spectrum after a 30 points derivative, in which some fake peaks and distortion are highlighted with black circles.

Introduction

Radio astronomical observations of the warm (>100 K) and dense parts of star-forming regions known as hot cores or hot corinos have revealed a wealth of complex molecules. These are, for the most part, saturated or nearly saturated with up to 12 atoms thus far (Belloche et al. 2014). Details can be found on the Molecules in Space web page 1 of the Cologne Database for Molecular Spectroscopy, CDMS (Müller et al. 2001(Müller et al. , 2005) ) or on the list of Interstellar & Circumstellar Molecules 2 of The Astrochymist web page 3 . A large portion of these molecules were detected toward Sagittarius (Sgr for short) B2(N). Sgr B2(N) is 1 http://www.astro.uni-koeln.de/cdms/molecules 2 http://www.astrochymist.org/astrochymist_ism.html 3 http://www.astrochymist.org/ part of the Sgr B2 molecular cloud complex, one of the most prominent star-forming regions in our Galaxy and close to its center. There are two major sites of high-mass star formation, Sgr B2(M) and Sgr B2(N), see, for example, Schmiedeke et al. (2016), of which Sgr B2(N) has a greater variety of complex organic molecules (Belloche et al. 2013). It contains two dense compact hot cores, the more prominent Sgr B2(N1), also known as Large Molecule Heimat, and Sgr B2(N2), about 5 to the north of it (Belloche et al. 2016;Schmiedeke et al. 2016). Following up on our single-dish survey of the 3 mm wavelength range with the IRAM 30 m telescope (Belloche et al. 2013), we have used the Atacama Large Millimeter/submillimeter Array (ALMA) in its Cycles 0 and 1 to perform a spectral line survey of Sgr B2(N) between 84. Exploring Molecular Complexity with ALMA (EMoCA), describes the main motivation of this study. The high angular resolution (∼1.6 ) allows us to separate the emission of the two hot cores, that, in turn, revealed the narrow line width of Sgr B2(N2) (∼5 km s -1 ), greatly reducing the line confusion with respect to our previous single-dish survey of Sgr B2(N).

As a consequence, we have focused our analysis on Sgr B2(N2) thus far.

The detection of iso-propyl cyanide (or i-PrCN for short; i-C 3 H 7 CN) as the first branched alkyl molecule in space was one of the first results of EMoCA (Belloche et al. 2014). The laboratory spectroscopic investigation on i-PrCN (Müller et al. 2011) was an obvious prerequisite, but the decrease in line confusion was important also because this molecule was not detected in our previous single-dish survey of Sgr B2(N) (Belloche et al. 2013;Müller et al. 2011). Interestingly, i-PrCN is not much less abundant than its straight-chain isomer normal-propyl cyanide (n-PrCN for short; Belloche et al. 2014). Other published results of EMoCA include the detection of the three isotopomers of ethyl cyanide with two 13 C (Margulès et al. 2016), an extensive study of deuterated complex organic molecules in Sgr B2(N2) with, for example, the first, albeit tentative, detection of deuterated ethyl cyanide (Belloche et al. 2016), and a study of alkanols and alkanethiols, which yielded a rather stringent upper limit to the column density of ethanethiol in this source (Müller et al. 2016b).

We had detected n-PrCN initially in our single-dish study (Belloche et al. 2009). The line intensities of this molecule in our ALMA spectra toward Sgr B2(N2) in combination with its several low-lying vibrational states (Charles et al. 1976;Crowder 1987;Durig et al. 2001) suggested that we should be able to detect transitions of vibrationally excited n-PrCN in our ALMA data.

The ground state rotational spectrum has been investigated quite well in the laboratory. Hirota (1962) used microwave spectroscopy between 8 and 32 GHz to study rotational isomerism (i.e., the presence and energetics of different conformers) of n-PrCN. He identified two possible conformers, anti (a for short, also known as trans) with a dihedral CCCC angle of 180 • and gauche (g for short, also known as synclinal) with a dihedral CCCC angle of about ±60 • , see also Fig. 1. The two gauche conformers are indistinguishable. Demaison & Dreizler (1982) studied the 14 N quadrupole structure of the anti conformer by Fourier transform microwave spectroscopy. Vormann & Dreizler (1988) used the same technique between 4.8 and 26.4 GHz for an extensive study of the rotational spectrum, quadrupole structure, and methyl internal rotation of both conformers. Wlodarczak et al. (1988) extended the measurements into the millimeter region, measured the dipole moment components, and determined from intensity measurements that the anti conformer is lower in energy than gauche by 1.1 ± 0.3 kJ mol -1 (or 92 ± 25 cm -1 or 132 ± 36 K), in line with the estimate by Hirota (1962) that the energy difference between the two is small, perhaps less than 1 kcal mol -1 (or 350 cm -1 or 504 K). However, Charles et al. (1976) and Traetteberg et al. (2000) determined from earlier infrared (IR) spectroscopy of solid, liquid, and gaseous samples and from electron diffraction of a gaseous sample that the gauche conformer is lower in energy. Durig et al. (2001) used IR spectroscopy of n-PrCN dissolved in liquid Xenon (-60 to -100 • C) to determine that the gauche conformer is lower than anti by 0.48 ± 0.04 kJ mol -1 (or 40 ± 3 cm -1 or 58 ± 4 K). Using our ALMA data, we modeled the anti/gauche energy difference and found it to be fully consistent with the latter value (Belloche et al. 2014).

The experimental data on excited vibrational states were rather limited. Hirota (1962) also observed vibrational satellites of n-PrCN in his microwave study and published rotational constants for the four lowest states of each conformer. They belong in either case to the three lowest fundamental states as well as to the overtone state of the lowest one. These parameters turned out to be sufficient for assignments of laboratory spectra near 1 cm wavelength, but were by far too imprecise for assignments in our ALMA data.

Therefore, we recorded rotational spectra of n-PrCN in two spectral windows, 36 to 70 GHz and 89 to 127 GHz, and analyzed the four lowest vibrational states of each conformer. These results enabled us to detect transitions of all four states in our ALMA data. Details on our laboratory spectroscopic investigations are given in Sect. 2. Background information on the rotational and vibrational spectroscopy of n-PrCN is provided in Sect. 3. Results of our current laboratory spectroscopic study and a related discussion are given in Sect. 4. Section 5 describes the analyses of our ALMA data, and Sect. 6 contains conclusions and an outlook.

Laboratory spectroscopic details

All measurements were carried out at room temperature at the Universität zu Köln in two connected 7 m long double path absorption cells with inner diameter of 100 mm which were equipped with Teflon windows. A commercial sample of n-PrCN was flowed slowly through the cell at pressures of around 1 Pa. We used frequency modulation throughout with demodulation at 2 f , which causes an isolated line to appear approximately as a second derivative of a Gaussian.

The entire region between 36 and 70 GHz was covered in successive scans with an Agilent E8257D microwave synthesizer as source and a Schottky diode detector. The point spacing was 20 kHz, and at each point, data were accumulated for 20 ms. One upward scan and one downward scan were coadded after completion of the spectral recording. Later, we recorded smaller sections of 2 to 6 MHz widths around the predicted positions of b-type transition of the anti conformer employing much longer overall integration times which reached up to 50 min for 6 MHz. The entire region between 89.25 and 126.75 GHz was covered similarly using a Virginia Diode, Inc. (VDI) tripler driven by a Rohde & Schwarz SMF 100A synthesizer as source and a Schottky diode detector. The point spacing in this frequency region was 60 kHz, and the integration time per point was again 20 ms with scans in both directions Further details on the spectrometer system are available elsewhere (Bossa et al. 2014;Walters et al. 2015).

Despite the long integration times, the confusion limit was not reached by far in either of these two large spectral windows. The sensitivity of the spectrometer systems varied greatly with frequency. It was very low at the lower ends of both frequency windows and near 127 GHz. In addition, there were sections in which the sensitivity was very low within the spectral windows. In addition, intensities sometimes changed drastically within a few megahertz. Nevertheless, relative intensities could be used frequently as guidance for assignments over several tens to a few hundreds of megahertz with only modest adjustments, in particular to check for possible blending.

Spectroscopic properties of n-propyl cyanide

The molecule n-propyl cyanide, also known as butyronitrile or 1cyanopropane, exists in two distinguishable conformers, gauche and anti, with the former being doubly degenerate with respect to the latter. Durig et al. (2001) showed that gauche is lower in energy than anti by 40 ± 3 cm -1 .

The anti conformer is an asymmetric rotor with κ = (2B -A -C)/(A -C) = -0.9893 close to the prolate limit of -1. Successive R-branch transitions are approximately spaced by B + C ≈ 4.4 GHz. The A rotational constant, ∼24 GHz, is a measure for the K a level spacing as the K a = J levels are roughly given by A K 2 a . The gauche conformer is more asymmetric (κ = -0.8471) with a wider spacing between consecutive R-branch transitions (B + C ≈ 6.0 GHz) and a narrower K a level spacing (A ≈ 10.1 GHz).

The large dipole moment is caused predominantly by the CN group. Wlodarczak et al. (1988) determined the a-n-PrCN dipole moment components as µ a = 3.597 ± 0.059 D and µ b = 0.984 ± 0.015 D; µ c = 0 by symmetry. Müller et al. (2011) presented quantum chemical calculations on properties of i-PrCN, a-n-PrCN, and cyclo-PrCN from which Belloche et al. (2014) concluded that µ a is likely underestimated by about 10%. They proposed µ a = 4.0 D and suggested that the underestimation of µ a could be responsible, at least in part, for the incorrect energy ordering of the conformers by Wlodarczak et al. (1988). The results for g-n-PrCN were µ a = 3.272 ± 0.037 D and µ b = 2.139 ± 0.030 D under the assumption of µ c = 0 (Wlodarczak et al. 1988). Quantum chemical calculations yield µ c ≈ 0.45 D (Durig et al. 2001), in line with the value mentioned by Belloche et al. (2014).

The orientation of the 14 N quadrupole tensor in a CN group is usually very close to this bond. This leads to χ aa = -3.44 MHz and χ cc = 2.06 MHz for a-n-PrCN and χ aa = -1.68 MHz and χ cc = 1.94 MHz for g-n-PrCN (Vormann & Dreizler 1988); χ bb is determined from the tracelessness of the tensor.

The n-PrCN molecule has 12 atoms, its vibrational spectrum consists of 3 × 12 -6 = 30 fundamental vibrations. The gauche conformer has C 1 symmetry, so all vibrations belong to the symmetry class a. In contrast, the anti conformer has C S symmetry, and 18 vibrations belong to the symmetry class a and 12 to the symmetry class a (Crowder 1987). Durig et al. (2001) presented the most comprehensive study on the vibrational spectroscopy of this molecule. They measured the gas phase IR spectrum in the mid-IR (down to 300 cm -1 ), and the solid-state IR and the liquid-state Raman spectra covered all fundamental vibrations. They supplemented these data by quantum chemical calculations at the MP2/6-31G* level; in addition, they presented scaled values for the fundamental vibrations to account for anharmonicity and model deficiencies. Figure 2 displays the vibrational states below 400 cm -1 .

In order to evaluate contributions of vibrational states to the partition function Q of n-PrCN, we calculated vibrational correction factors F vib to the rotational partition function values Q rot (Q = F vib × Q rot ) at the seven CDMS standard temperatures plus two additional ones (120 K and 180 K). Scaled values from a quantum chemical calculation (Durig et al. 2001) were taken for vibrational energies of the lowest three fundamental modes of the gauche conformer and the gas phase experimental values from the same work for all others. Contributions of overtone and combination states were evaluated in the harmonic approximation. The resulting values of Q rot and F vib are given in Table 1. Uncertainties in the vibrational energies, neglect of differences in the vibrational energies between the two conformers and the neglect of anharmonicity contribute to errors in F vib . We estimate these errors to be a few percent of F vib -1 at low temperatures and possibly many tens of percent at 300 K.

A plethora of low-lying vibrational states of n-PrCN are populated at room temperature such that only about one tenth of the molecules are in the ground vibrational states of the gauche or anti conformer. The lowest vibrational state ( 30 = 1 for both conformers) has predominantly the character of a torsion around the central C atoms (Charles et al. 1976;Crowder 1987;Durig et al. 2001) and could be called ethyl torsion. The next lowest state ( 29 = 1 or 18 = 1 for gauche and anti, respectively) is a mixed bending vibration involving mostly the CCN angle and the CCC angle with the cyano-C. The next vibrational state is 30 = 2, followed by 28 = 1 (gauche) or 29 = 1 (anti) with A87, page 3 of 26 A&A 595, A87 (2016) predominantly methyl torsional character (Charles et al. 1976;Crowder 1987;Durig et al. 2001).

Spectroscopic results and their discussion

We used Pickett's SPCAT and SPFIT programs (Pickett 1991) to predict and fit rotational spectra of vibrationally excited n-PrCN. Vibrational changes ∆X of a spectroscopic parameter X are usually considerably smaller in magnitude than the magnitude of X. Using ground state spectroscopic parameters and fitting the vibrational changes has two distinct advantages. First, the ground state parameters usually account for a substantial fraction of the excited state parameters. Second, the number of spectroscopic parameters used in the fit is considerably smaller than using independent sets of parameters for each state. Earlier examples include excited states of bromine dioxide (Müller et al. 1997a), chlorine dioxide (Müller et al. 1997b), and the main and minor isotopologs of methyl cyanide (Müller et al. 2015(Müller et al. , 2016a)). We defined ∆X = X =1 -X 0 and ∆∆X = X =2 -X 0 -2∆X. The ground state rotational and centrifugal distortion parameters of n-PrCN were taken from Belloche et al. (2009), who combined data from earlier publications (Demaison & Dreizler 1982;Vormann & Dreizler 1988;Wlodarczak et al. 1988Wlodarczak et al. , 1991)), and were kept fixed in the present analyses. Calculated values for ∆A, ∆B, and ∆C of each vibrational state of both conformers were derived from Hirota (1962).

We recognized fairly early that a considerable fraction of the transitions in the laboratory spectrum, usually weaker ones, displayed partially resolved 14 N hyperfine structure (HFS) splitting caused by the nuclear quadrupole moment of 14 N, as is shown in Fig. 3. Therefore, we generated predictions of the rotational spectra of excited states of n-PrCN with and without considering HFS and compared the spectral recordings with the results of both predictions. The HFS parameters were taken from Vormann & Dreizler (1988) and kept fixed in the fits.

The spin of the 14 N nucleus (I = 1) leads to three HFS levels. Except for the lowest J quanta, this leads to three stronger HFS components with ∆F = ∆J and F = J, J ± 1. The F = J ± 1 components are almost always blended in our spectra such that a relatively well-resolved HFS pattern has an intensity ratio of nearly 2:1 (see Fig. 3). If the F = J component is close to the F = J±1 line, it appears weaker. This component was then given a larger uncertainty or it was not used in the fit if its position appeared to be affected too much by the proximity of the stronger F = J ± 1 line. The F = J ± 1 line could also appear weaker than expected if the two components were separated by several tens of kilohertz.

The gauche conformer

The gauche conformer has sizable a-and b-dipole moment components which facilitate assignments of corresponding transitions. Moreover, a-type transitions alone lead to fairly accurate values of A, D K , etc. because the conformer is quite far away from the prolate symmetric limit. The asymmetry leads to a rapid increase of the asymmetry splitting for a given K a with increasing J, or, in other words, to resolved asymmetry splitting at relatively low values of J. In addition, transitions with K c = J are almost degenerate (or oblate paired) close to 127 GHz.

We searched initially for a-type R-branch transitions (∆J = +1) with K a ≤ 2 starting at low frequencies. These transitions were found easily close to the predicted frequencies. After refinement of the spectroscopic parameters, assignments were extended to higher K a values and to the 89-127 GHz frequency window. Once the assignments reached K a = 5 we assigned b-type R-branch transitions with K a = 1 ↔ 0 and then K a = 2 ↔ 1. These transitions were mostly found easily and close to the predictions. Assignments of transitions pertaining to the 28 = 1 state were not as straightforward, as will be discussed in greater detail below. The a-type R-branch transitions displayed partially resolved 14 N HFS structure for the two highest values of K a (J -1 and J ) in the 36-70 GHz window, as can be seen in the upper trace of Fig. 3. The b-type transitions are also affected significantly by HFS splitting in certain quantum number ranges, especially Q-branch transitions (∆J = 0) with low values of K a , see lower trace of Fig. 3, as well as some a-type Q-branch transitions with ∆K a = 0 and 2.

v 30 = 1 and 2

The quantum chemically calculated vibrational energy of 30 = 1 is 116 cm -1 both scaled and unscaled (Durig et al. 2001). A shoulder in the Raman spectrum of the liquid sample at 114 cm -1 agrees well with the calculated value, whereas the position of a strong feature in the solid-state IR spectrum at 140 cm -1 agrees less well (Durig et al. 2001). The calculated energy of 30 = 2 in the harmonic approximations is 232 cm -1 . Anharmonicity is probably small; we will discuss this aspect in the context of 30 = 2 of the anti conformer and its interaction with 18 = 1 in Sect. 4.2.3. Figure 3 shows not only the partial HFS splitting, but also the decrease in intensity upon excitation of 30 . The a-type R-branch transitions reach J = 23-22 for K c = J near 127 GHz and J = 21-20 for K a ≥ 3. We assigned transitions up to K a = 20 for both 30 = 1 and 2. Q-branch transitions with ∆K a = 0 or 2 are considerably weaker. Assignments with ∆K a = 0 reach K a = 11 and J = 61 for 30 = 1 and K a = 8 and J = 45 for 30 = 2. In the case of ∆K a = 2 we assign up to K a = 8-6 and J = 43 for 30 = 1 and up to K a = 6-4 and J = 34 for 30 = 2. The b-type transitions involve r R, p R, and r Q transitions up to K a = 11 for both states and J = 65 and 63 for 30 = 1 and 2, respectively. The superscripts indicate ∆K a = +1 (r) and -1 (p), respectively. There was evidence for b-type transitions with even higher K a in the spectral recordings, but because of their weakness and greater sparseness we refrained from including them in the line lists at present. We point out that identification of 30 = 2 transitions was greatly facilitated, especially for very weak transitions, by 30 = 1 assignments already included in the fit because the ground state spectroscopic parameters and the 30 = 1 vibrational corrections (multiplied by two) accounted quite well for the 30 = 2 transition frequencies.

The vibrational changes of the parameters for 30 = 1 and the second changes for 30 = 2 are given in Table 2 together with ground state parameters and vibrational changes for 29 = 1 and 28 = 1. We determined a full set of vibrational changes up to fourth order along with several sixth order changes; the set of second changes is somewhat smaller, as can be expected. The quadrupole splitting showed systematic changes from 30 = 0 to 2 which permitted determination of a vibrational change to χ aa .

4.1.2. v 29 = 1 Durig et al. (2001) give 163 cm -1 as scaled calculated value, and the unscaled value is 1 cm -1 higher. Their liquid-and solidstate Raman spectra display a medium strong band at 180 cm -1 , in moderate agreement. If we assume that results of quantum J, K a = 7, 6 -6, 6

J, K a , K c = 13, 1, 12 -13, 0, 13 chemical calculations are similar in quality with respect to the values of the free, gaseous molecule of both conformers and that this also holds for the results from liquid-and solid-state Raman spectra, then our experimentally determined energy difference between 30 = 2 and 18 = 1 (see Sect. 4.2.3) provides evidence that the vibrational energy of 29 = 1 of gaseous g-n-PrCN is closer to 163 cm -1 than to 180 cm -1 . The assignments of a-type R-branch transitions and of b-type transitions took place in a similar way as for 30 = 1 and 2. Assignment of weaker lines was often more difficult than in the case of 30 = 2 because larger uncertainties made unambiguous assignments more difficult even though corresponding 30 = 2 lines were slightly weaker; predictions of 30 = 2 frequencies were better because of the 30 = 1 assignments, see also Sect. 4.1.1. Fewer b-type transitions extending not as high in J are probably the most important reason why we have not been able to assign weak a-type Q-branch transitions in 29 = 1. Excluding ∆χ aa , the number of spectroscopic parameters in the fit of 29 = 1 is the same as that for 30 = 1, but the choice of sixth order parameters is different, see Table 2.

v 28 = 1

The CH 3 torsional mode is expected to be quite anharmonic. The unscaled vibrational energy for this mode is 276 cm -1 , and the scaled one 262 cm -1 (Durig et al. 2001). These authors assigned a weak band at 265 cm -1 in the IR spectrum of a solid sample, and also a very weak feature at 244 cm -1 in the Raman spectrum of the liquid. We note, however, that the agreement of the latter vibrational energy agrees better with their scaled value for the corresponding mode of the anti conformer, see also Sect. 4.2.2. Assignments of a-type R-branch transitions with K a ≤ 2 were straightforward also for 28 = 1. Absorption features of higher K a transitions, however, often appeared somewhat weaker and broader than predicted and/or showed a weaker shoulder; some transitions even appeared split into two. We suspect that these features are caused by methyl internal rotation as 28 = 1 should possess considerable methyl torsion character (Charles et al. 1976;Crowder 1987;Durig et al. 2001;Castro et al. 2011). The measured line center usually agreed sufficiently well with the calculated positions; however, in the case of a line that was split into two, the average position did not always agree well enough with the calculated position and was weighted out.

We were able to assign several b-type R-branch transitions with K a = 1 ↔ 0 and 2 ↔ 1. However, some of the lower J transitions or Q-branch transitions with the same K a values were quite weak and appeared somewhat displaced from their predicted positions. Their frequencies could not be reproduced with one set of reasonable spectroscopic parameters. Assignment of b-type transitions with higher K a proved to be difficult; most promisingly, we made tentative assignments of several K a = 5-4 R-branch transitions. However, it was difficult to fit these transitions together with the previous assignments. In addition, it was not possible to make any further unambiguous assignments. Notes. Watson's S reduction has been used in the representation I r . Ground state parameters are from Belloche et al. (2009) except quadrupole parameters which are from Vormann & Dreizler (1988). Numbers in parentheses are one standard deviation in units of the least significant figures. Parameters without uncertainties were estimated and kept fixed in the analyses. ∆X = X =1 -X 0 ; ∆∆X = X =2 -X 0 -2∆X. (a) Estimated value, see Sect. 4.1.3. (b) Derived values.

The set of spectroscopic parameters for 28 = 1 is smaller than those for the other vibrational states of g-n-PrCN. We estimated ∆D K = -2.2 kHz to accommodate the fairly secure assignments of b-type transitions with K a ≤ 2.

The anti conformer

The anti conformer is much closer to the prolate symmetric top limit than gauche, which makes the determination of A, D K , etc. difficult from a-type transitions alone. The smaller magnitude of the b-dipole moment component of this conformer and its larger A rotational constant make it more difficult to assign b-type transitions. Its much smaller asymmetry leads to unresolved asymmetry splitting for K a = 4 at low frequencies and also throughout the two frequency windows for K a > 4. Furthermore, most transitions (K a ≥ 3) of a given vibrational state occur in a narrow frequency range in the two frequency windows, as shown in Fig. 4, which often leads to blending of lines.

Initial assignments focused on K a ≤ 2 a-type R-branch transitions at lower frequencies, as in the case of the gauche conformer. Assignments were extended to higher frequencies and to higher K a transitions with refined predictions. Overlap of transitions with different values of K a made the assignments less straightforward in the early stages than for the gauche conformer.

Splitting caused by the 14 N quadrupole coupling affects a much larger fraction of the a-type R-branch transitions of the anti conformer because the quadrupole coupling parameters are much larger in magnitude than for the gauche conformer, most importantly χ aa . The a-type Q-or P-branch transitions of the anti conformer were too weak to be identified.

Subsequently, we attempted to assign b-type transitions with K a = 1 ↔ 0. These transitions were too weak in our spectral recordings covering 36 to 70 GHz, but sufficiently strong in the 89 to 127 GHz region. However, the density of lines at these low intensity levels together with the relatively large uncertainties made unambiguous assignments difficult. Therefore, we recorded smaller sections around the positions of the b-type transitions in the 36-70 GHz region with much longer integration time. In these recordings, we detected several candidate lines for each vibrational state. Further details will be provided below.

v 30 = 1

The calculated scaled and unscaled vibrational energy of 30 = 1 is 101 cm -1 ; this compares well with a strong band in the solidstate Raman spectrum at 99 cm -1 (Durig et al. 2001).

The a-type transitions have J = 9-8 at low frequencies and J = 28-27 at high frequencies; in the case of K a = 1, the 29 1,29 -28 1,28 transition falls into the frequency ranges we have covered and analyzed thus far. The K a quantum numbers extend to 24, almost reaching the theoretical limit of 27 (K a,max ≤ J max ). We were able to identify 10 b-type transitions in the smaller spectral recordings below 70 GHz, the lowest frequency assignment was near 53 GHz. We assigned 14 additional b-type transitions between 89 and 127 GHz. The transitions are spread quite evenly among r R 0 , p R 1 , and r Q 0 transitions; the subscript indicates K a in the lower energy rotational level, and the J range covers 8 to 48. We fit 30 = 1 and 2 together from the beginning. It required a modest set of vibrational changes to reproduce the 30 = 1 transitions well. These are changes to the rotational and quartic centrifugal distortion parameters and to H K J . We measured accurate frequencies of both ∆F = J ± 1 as well as ∆F = J for several transitions with higher K a of 30 = 1 and to a lesser extent for 30 = 2. In a trial fit, we obtained ∆χ aa = 10 ± 35 kHz which was omitted from the final fit. The resulting spectroscopic parameters are given in Table 3 together with parameters of other vibrational states of the anti conformer.

Many of the vibrational changes ∆X are much smaller than the ground state parameters X themselves, as is usually expected. The magnitude of ∆A, however, is relatively large with respect to ∆B and ∆C, even if we take into account that A is about one order of magnitude larger than either B or C. The ∆A value of 18 = 1 is of similar magnitude and of opposite sign, suggesting the large magnitudes are caused to a considerable amount by the non-resonant Coriolis interaction between these states. Strong, albeit resonant, Coriolis interaction was identified between the corresponding modes 13 = 1 and 21 = 1 of the lighter homolog ethyl cyanide (Laurie 1959). We have carried out trial fits that have shown that 2001) calculated an unscaled value of 254 cm -1 for the vibrational energy of the CH 3 torsional mode and a scaled value of 241 cm -1 . They do not assign any experimental feature to this mode. We point out that a very weak band in the Raman spectrum of the liquid sample at 244 cm -1 agrees well with the scaled value; Durig et al. (2001) assigned this band to the CH 3 torsional mode of the gauche conformer, see also Sect. 4.1.3. The assignments of a-type transitions pertaining to 29 = 1 proceeded analogously to those of 30 = 1, but extended only to K a = 18 mainly because it is the highest of the vibrational states of n-PrCN in the present study. As can be seen in Fig. 4, not only do high-K a transitions of each vibrational state of an-PrCN occur in a narrow frequency region, but also those of other vibrational states are often very close. Therefore, blending of lines reduced the number of assignments. For example only J = 28-27 could be seen as apparently not blended in the case of K a = 17. Even though there are two vibrational states of a-n-PrCN close to this state, 18 = 30 = 1 and 30 = 2, we did not find clear evidence for perturbations of 29 = 1.

We found six lines with approximately the right intensity close to the predicted frequencies of K a = 1 ↔ 0 b-type transitions in the long integration, narrow spectral recordings between 54 and 67 GHz. These lines could be fit within experimental uncertainties on average. With improved predictions, six more transitions close to the predicted positions were tentatively assigned in the 89 to 127 GHz region. The twelve b-type transitions, however, could not be fit within experimental uncertainties with a reasonable set of spectroscopic parameters. It is possible that some positions are affected by unrecognized blending. Even though 29 = 1 should have predominantly methyl torsion character, we did not find any clear evidence for broadening or even splitting of lines due to torsion. Nevertheless, we do not rule out that the unsatisfactory fitting of the b-type transitions may be related to torsional effects. We have omitted the lines from the final line list because of this unclear situation.

The set of spectroscopic parameters in Table 3 is much smaller for 29 = 1 than it is for 30 = 1; only changes for the rotational parameters, D JK , D J , and H K J were needed to fit the a-type transitions of 29 = 1 satisfactorily. 2001) measured a medium strong band in the Raman spectrum of liquid and solid samples at 180 cm -1 , they report a scaled calculated value of 163 cm -1 ; the unscaled value is 1 cm -1 higher. The calculated vibrational energy of 30 = 2 is 202 cm -1 in the harmonic approximation.

The initial assignments of 30 = 2 and 18 = 1 a-type transitions proceeded in a similar way to those of 30 = 1 and 29 = 1. However, fitting transitions of 30 = 2 with K a = 10 and 11 required a value of ∆∆H K J that was larger than ∆H K J of 30 = 1. Furthermore, this parameter was not sufficient to reproduce transitions having K a = 12 and 13, and transitions with even higher K a could not be assigned with confidence. Weighting out all lines with K a ≥ 10 and constraining ∆∆H K J such that its ratio with ∆H K J is equal to the ∆∆D JK to ∆D JK ratio showed that the K a = 13 transitions had residuals between 1.56 and 2.95 MHz for 20 ≤ J ≤ 27. These residuals were almost perfectly matched by residuals between -1.65 and -2.95 MHz in K a = 14 of 18 = 1, indicative of a ∆K a = ±1 rotational (also known as Coriolis-type) resonance between these states. Figure 5 displays the K a level structure of these states with the resonant interactions highlighted. We estimated the energy difference E(30 2 -18) between the two states and adjusted the first order Coriolis parameter G c . After both parameters were fit and updated, predictions were generated, and we were able to assign transitions with higher K a for both states. However, they soon showed deviations rapidly increasing with K a in opposite directions for the two vibrations, indicative of a Fermi resonance. After inclusion of a Fermi parameter F in the fit, assignments could be extended up to K a = 20. Transitions with even higher K a were too weak to be assigned with confidence. We found ten K a = 1 ↔ 0 b-type transitions in the long integration, narrow spectral recordings between 38 and 70 GHz A87, page 7 of 26 A&A 595, A87 (2016) Table 3. Spectroscopic parameters X (MHz) of anti-n-propyl cyanide and first (∆X) and second (∆∆X) changes of low-lying vibrational states and parameters describing the interaction between 18 = 1 and 30 = 2.

Parameter

= Notes. Watson's S reduction has been used in the representation I r . Ground state parameters are from Belloche et al. (2009) except quadrupole parameters which are from Vormann & Dreizler (1988). Numbers in parentheses are one standard deviation in units of the least significant figures. Parameters without uncertainties were estimated and kept fixed in the analyses. ∆X = X =1 -X 0 ; ∆∆X = X =2 -X 0 -2∆X. for 18 = 1 and seven between 54 and 67 GHz for 30 = 2; nine and seven more, respectively, were found between 89 and 127 GHz. The J range covers 13-30 and 8-31 for 18 = 1 and 30 = 2, respectively; two tentative assignments with J = 47 and 48 for 30 = 2 were weighted out in the final line list.

The set of vibrational changes to the ground state spectroscopic parameters is slightly smaller for 18 = 1 than it is for 30 = 1. In the case of 30 = 2, second changes were used for the rotational parameters and for D JK ; in addition, an estimate of ∆∆H K J was used as fixed parameter as described above.

The experimentally determined energy difference of 33.956 ± 0.020 cm -1 between these two states is quite wellmatched by the calculated difference of 39 cm -1 , but less so by 18 cm -1 (2 × 99 -180) derived from solid-state Raman measurements (Durig et al. 2001). If the vibrational energy of 30 = 2 is close to 202 cm -1 , that of 18 = 1 is equally close to 168 cm -1 . Castro et al. (2011) studied the anharmonicity of the methyl and ethyl torsional modes. The harmonic and anharmonic energies of the methyl torsions differ by more than 15% for both conformers. The ethyl torsion was calculated to be marginally anharmonic in all models in case of the gauche conformer, whereas the results are less clear for the anti conformer. It is only slightly anharmonic in one model, but displays pronounced negative anharmonicity (i.e., the energy of 30 = 2 is higher than twice the energy of 30 = 1) in two others. The vibrational energy of 30 = 2 in all models is around 225 cm -1 , which appears to be too high and higher than the calculated anharmonic energy of 209.54 cm -1 for 29 = 1, which appears to be too low. The difference between the anharmonic energies of 30 = 2 and the (harmonic) energy of 18 = 1 from Castro et al. (2011) yields values between ∼63 and ∼68 cm -1 , much larger than our experimental value of ∼34 cm -1 . Gas phase far-infrared measurements may be the most promising way to establish the energies of the lowest vibrational states of n-PrCN.

Results of astronomical observations

Part of the observations used in this article were briefly described in Belloche et al. (2014). A detailed account of the observations, reduction, and analysis method of the full data set covering 84.1 to 114.4 GHz was reported by Belloche et al. (2016). Here we use this full data set. As already reported in Belloche et al. (2014) on the basis of a smaller set of data, n-propyl cyanide is clearly detected in its vibrational ground state toward Sgr B2(N2), with about 120 lines detected with little contamination in the full EMoCA survey (Table 4 and Fig. A.1). A source size of 1.0 was derived by Belloche et al. (2014) from Gaussian fits to the integrated intensity maps of all detected lines that suffered the least from contamination by other species. The spectrum was well-fit under the local thermodynamic equilibrium (LTE) approximation with a temperature of 150 K, a linewidth of 5 km s -1 , and a velocity of 73.5 km s -1 , leading to a column density of 1.7 × 10 17 cm -2 after correction for the contribution of vibrationally excited states to the partition function. Please note that the column density is slightly different compared to the one reported by Belloche et al. (2014), 1.8 × 10 17 cm -2 , because we use here a slightly different vibrational correction factor to the rotational partition function (see Table 1). The lines of the vibrational ground state of npropyl cyanide detected above 110.7 GHz that were not reported in Belloche et al. (2014) Using the same LTE parameters as for the vibrational ground state, we looked for lines from within vibrationally excited states of both gauche and anti propyl cyanide in the EMoCA survey of Sgr B2(N2). On the basis of this LTE model, we report the detection of one or several transitions or groups of transitions of each of the eight vibrationally excited states analyzed in the previous sections (Table 4). The parameters of the detected lines are listed in Tables B.1-B.8, and the spectra of these lines plus all those that contribute significantly to the signal detected toward Sgr B2(N2) are shown in Figs. A.2-A.9. The fact that the lines of all states, including the vibrational ground state, are well-fit with the same parameters, gives us confidence in the reliability of the identifications, even for the states with only one clearly detected line. The median size of all detected ground state and vibrationally excited state lines that do not suffer from contamination remains 1.0 , with an rms dispersion of ∼0.5 and no obvious correlation with energy level.

The population diagram of most detected lines plus those that are somewhat more contaminated but for which we have already identified and modeled most of the contaminants is shown in Fig. 6. The detected lines that consist of a blend of several transitions with significantly different upper-level energies are not used in this diagram. A fit to this diagram yields a temperature of 142 ± 4 K. As explained in Sect. 3 of Belloche et al. (2016), the uncertainty on the fitted rotation temperature is only statistical and does not include the systematic uncertainties due in particular to residual contamination by unidentified species. Our LTE model of n-propyl cyanide assumes a temperature of 150 K, which is consistent with the fitted rotation temperature within 2σ. The LTE model is optimized so that it never overestimates the peak temperature of any detected transition of n-propyl cyanide, therefore it tends to produce synthetic integrated intensities that lie below the measured ones which may suffer from residual contamination, in particular in the wings of the lines (see the location of the red crosses with respect to the other ones in Fig. 6). This is the reason why our LTE model does not use the temperature strictly derived from the population diagram.

Conclusion and outlook

We have analyzed the rotational spectra of the four lowest excited vibrational states of each of the two n-PrCN conformers in laboratory spectral recordings up to 127 GHz. We identified rovibrational interactions between 18 = 1 and 30 = 2 of the anti conformer. We modeled the perturbations with one Coriolis and one Fermi parameter and determined the energy difference between these states quite accurately.

The resulting spectroscopic parameters enabled us to identify transitions of each excited vibrational state in our ALMA 3 mm molecular line survey of Sgr B2(N2). The emission of all states is well reproduced with the model parameters we obtained previously for the ground vibrational state.

The emission caused by molecules in excited vibrational states may be used to infer (far-) infrared pumping in a given source. Our results concerning vibrational states of n-PrCN suggest that far-infrared pumping is, at least, not so important that it alters the apparent vibrational temperature in the region of Sgr B2(N2) which is probed by the n-PrCN emission. We note that in Sgr B2(N2) there are molecules which are better suited to investigate (far-) infrared pumping, even more so in other sources in which n-PrCN has not yet been detected.

If LTE is a reasonable assumption, transitions of molecules in excited vibrational states may be used to constrain the rotational temperature if ground state rotational transitions cover an energy range that is too narrow to constrain it. This may be useful for linear molecules or for fairly light molecules; for example, we used transitions of torsionally excited methanethiol to constrain the rotational temperature of this molecule (Müller et al. 2016b).

Observations with deeper integration may make it possible to identify even higher vibrationally excited states of n-PrCN as long as the confusion limit is not reached. In addition, the sensitivity of our current ALMA data may be sufficient to identify the 13 C isotopomers of this molecule because the 12 C/ 13 C ratio of many molecules in Sgr B2(N2) was determined to be close to 25 (Belloche et al. 2016;Müller et al. 2016b;Margulès et al. 2016).

Predictions of the rotational spectra of the four lowest excited vibrational states of both conformers of n-PrCN will be available in the catalog section 4 of the ascii version of the Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. 2001Müller et al. , 2005) ) as well as in the Virtual Atomic and Molecular Data Centre (VAMDC; Dubernet et al. 2010Dubernet et al. , 2016) ) compatible version of the CDMS5 (Endres et al. 2016). The complete line, parameter, and fit files along with auxiliary files will be deposited in the Spectroscopy Data section of the CDMS 6 .

Future laboratory work will focus on analyzing the submillimeter spectra to extend assignments for the eight vibrationally excited states of the present investigation. This work has begun, should improve spectroscopic parameters considerably, and will be useful for potential assignments of radio astronomical spectra at higher frequencies. Furthermore, we will try to assign higher excited vibrational states; initial assignments exist for some combination and overtone states. Such states may be observable in more sensitive ALMA data of Sgr B2(N).

Introduction

Molecules in vibrationally excited states are generally found in hot dense and possibly shocked regions of space and can be used as probes of the gas close to deeply embedded luminous infrared sources. For example, relatively simple molecules and linear carbon-chain molecules are found in the circumstellar envelopes of asymptotic giant branch stars. The following vibrationally excited molecules have been identified in IRC+10216, a mass-losing carbon star that is embedded in a thick dust envelope: HCN (Ziurys & Turner 1986;Avery et al. 1994), H 13 CN (Groesbeck et al. 1994), SiS (Turner 1987a), CS (Turner 1987b), C 4 H (Guélin et al. 1987;Yamamoto et al. 1987). High lying vibrational states can be observed close to the photosphere, for example up to 10700 K for HCN (Cernicharo et al. 2011). A maser source of HCN originating in the doubly excited bending state was reported by Guilloteau et al. (1987) in CIT6 around 89 GHz (J = 1 -0), and then IRC+10216 (177 GHz, J = 2 -1) by Lucas & Cernicharo (1989). Schilke et al. (1999) reported a maser line originating in the quadruply excited bending state Line lists are available as text files for each vibrational state(s) and each conformer at CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ (805 GHz, J = 9 -8) in IRC+10216. A stronger line around 891 GHz (J = 10-9) in IRC+10216, CIT6 and Y CVn was later reported by Schilke & Menten (2003). CIT6 and Y CVn are also mass-losing carbon stars. Simpler molecules may also be observed in protoplanetary nebula, for example HCN in CRL 618 (Thorwirth et al. 2003).

Vibrationally excited molecules including complex organic molecules, can also be found in star forming regions. The lowest energy vibrations are the easiest to detect and often include torsions. The first molecule detected in the ISM in a vibrationally excited state was cyanoacetylene (linear HCCCN) in the Orion molecular cloud (Clark et al. 1976). HCN was detected in its bending vibration in Orion KL (Ziurys & Turner 1986). Vibrationally excited ammonia (NH 3 ) was also detected toward Orion KL (Mauersberger et al. 1988;Schilke et al. 1992). Torsionally excited O-bearing organic molecules identified include methanol (CH 3 OH) in Orion A (Lovas et al. 1982;Hollis et al. 1983), acetone [(CH 3 ) 2 CO] in Orion KL (Friedel et al. 2005), methyl formate [HC(O)OCH 3 ] in Orion KL (Kobayashi et al. 2007) and W51 e2 (Demyk et al. 2008). N-bearing organic molecules detected in a vibrationally excited state include formamide (HCONH 2 ) in Orion KL (Motiyenko et al. 2012), and alkyl cyanides that will be discussed later. The emission from Article number, page 1 of 14 complex organic molecules usually arises in compact regions, called hot cores, which are typically less than about 0.2 pc in diameter (for example Mehringer et al. 2004). Hence the development of interferometers and in particular ALMA is creating a need for the spectra of the vibrational states (and isotopologues) of these molecules because of the increased sensitivity, and column density due to the decreased beam size.

The study of vibrationally excited states of known molecules in space has several astrophysical interests. Firstly, the frequencies of these lines need to be known so as to make a complete spectroscopic model of an object, identify all lines due to known molecules and hence be able to focus on remaining lines as candidates for new unidentified species (see for example, Mehringer et al. 2004;Daly et al. 2013). Secondly, work on the vibrational states can be used to take the latter into account in the partition function and hence to better estimate the column density of the molecule observed (for example Müller et al. 2016). Thirdly, lines of molecules in vibrationally excited states can be used to focus on hotter, or shocked regions of an object such as hot cores in star-forming regions and to model the physical and chemical properties of these regions (for example Goldsmith et al. 1983;Ziurys & Turner 1986;Mehringer et al. 2004). Applications include determining vibrational temperatures to check whether they are in equilibrium (for example Motiyenko et al. 2012) exploring infrared pumping (for example Schilke & Menten 2003;Belloche et al. 2013) and determining the temperature of dust in the cores (Schilke et al. 1992).

Methyl cyanide, the simplest alkyl cyanide, is among the molecules detected early by radio astronomy (Solomon et al. 1971) and an unknown line at 92.3527 GHz observed in Orion and toward the Sagittarius B2 molecular cloud complex (denoted Sgr B2) was suggested to be due to this molecule in its lowest 8 = 1 vibrational state as early as 1976 (Clark et al. 1976). Then Goldsmith et al. (1983), using the Five College Radio Astronomical Observatory, modeled 12 components of the J = 6-5 transition around 111 GHz to confirm the detection of vibrationally excited CH 3 CN in its lowest 8 = 1 state, a degenerative bending mode at around 525 K equivalent energy, toward the central region of Orion. Using early science verification data from the Atacama Large Millimeter/submillimeter Array (ALMA), the higher state of 8 = 2 at around 1030 K was also detected in the hot core of Orion KL (Fortman et al. 2012). Belloche et al. (2013) published a complete IRAM 30 m line survey of Sgr B2(N) and (M), through which, they detected both 8 = 1 and 2 states of methyl cyanide in the two sources; as well as that, of a higher state 4 = 1 at around 1320 K and for the first time transitions of 8 = 1 13 C substituted methyl cyanide in Sgr B2(N).

The first publication of an observation of vibrationally excited ethyl cyanide was by Gibb et al. (2000). Transitions of its two lowest-lying states ( 13 = 1 in-plane bending mode and 21 = 1 methyl torsional mode both around 300 K) were observed toward the organic-rich hot core G327.3-0.6 using the Swedish-ESO Submillimetre Telescope. A paper devoted to the detection of vibrationally excited ethyl cyanide in the Sgr B2 Large Molecule Heimat source (Sgr B2(N-LMH)) was published by Mehringer et al. (2004). By using the Caltech Submillimeter Observatory, in the range 215-270 GHz, the Berkeley-Illinois-Maryland Association Array and the Caltech Millimeter Array in the 107-114 GHz range, the authors detected several lines from these two vibrationally excited states that lie about 302 K above the ground state. Higher excited states of ethyl cyanide, 20 = 1 at around 530 K and 12 = 1, CCC bending state at around 760 K, were first detected toward three hot cores of Orion KL by Daly There are two isomers of propyl cyanide (also known as cyanopropane or butyronitrile), the straight-chain normal-, npropyl cyanide (here n-PrCN for short), and the branched iso-, i-propyl cyanide (here i-PrCN for short). Early laboratory work on the ground state of i-PrCN (Herberich 1967;Durig & Li 1974) was extended to frequencies needed for radioastronomy by Müller et al. (2011). This isomer became the first molecule found in the interstellar medium with a branched carbon backbone (Belloche et al. 2014). Recently, very comprehensive work on the laboratory measurements and analysis of vibrationally excited states of i-PrCN was reported (Kolesniková et al. 2017). There are two conformers of n-propyl cyanide as schematically depicted in Fig. 1: anti-(here a-n-PrCN for short) with a planar heavy atom frame (i.e., a dihedral CCCC angle of 180 • ); and gauche-(here g-n-PrCN for short) in which the CH 3 group, or equivalently the CN group, is rotated by ∼120 • to form a dihedral CCCC angle of about ±60 • . Belloche et al. (2009) identified a-n-PrCN (in its ground vibrational state) for the first time toward Sgr B2(N) a site of highmass star formation, in a line survey using the IRAM 30 m telescope. Lines of the gauche conformer could be included correctly in their model but were too blended for a conclusive identification. Transitions of g-n-PrCN were later detected unambiguously along with the detection of i-PrCN. These identifications were made in a spectral line survey called Exploring Molecular Complexity with ALMA (EMoCA) (Belloche et al. 2016). This survey, between 84.1 and 114.4 GHz was taken with ALMA toward Sgr B2(N). Müller et al. (2016), using the same survey, reported the identification of four vibrationally excited states for both anti-and gauche-n-PrCN following new spectroscopic work summarized in the last paragraph.

Laboratory measurements of n-PrCN in the vibrational ground states have been sufficient to detect this molecule in space for some time, however, it is only recently that predictions of some of the vibrational states have been good enough to envisage their detection. The ground state rotational constants of n-PrCN were first reported by Hirota (1962) following measurements up to 32 GHz. Demaison & Dreizler (1982) and Vormann & Dreizler (1988) used Fourier transform microwave spectroscopy to study the 14 N quadrupole structure up to 26 GHz. The latter authors also studied the methyl internal rotation. Wlodarczak et al. (1988) extended the measurements up to 300 GHz and measured the dipole moment components. The energy difference between the two conformers is small leading to some confusion as to that of lower energy. The previous authors determined from intensity measurements that the anti conformer is lower in energy than the gauche by 1.1 ± 0.3 kJ mol -1 . Durig et al. (2001) used infrared spectroscopy of n-PrCN dissolved in liquid Xenon to determine that the gauche conformer is lower than the anti by 0.48 ± 0.04 kJ mol -1 (or 58 ± 4 K) and Müller et al. (2016) found this value to be fully consistent with their model of the ALMA spectra. Hirota (1962) also determined the rotational constants of the three lowest fundamental vibrational states of the anti and gauche conformers. The information of these excited states for both conformers is summarized in Table 1. Since no gas phase measurements are available the vibrational frequencies given are scaled ab inito values from Durig et al. (2001). The nomenclature of the states differs from that in the aforementioned publication since although the gauche conformer has C 1 symmetry, with all vibrations belong to the symmetry class a; the anti conformer has C S symmetry with 18 fundamental vibrations belonging to the symmetry class a and 12 to the symmetry class a (Crowder 1987). The equivalent energy for the a-n-PrCN includes the energy of this conformer above that of the gauche. As can be seen from the equivalent temperatures in Table 1, these vibrational states are predicted to be substantially populated in hot core regions of star-formation where temperatures can rise to around 100-300 K. For comparison the lowest vibrational states are around 525 K for methyl cyanide, 302 K for ethyl cyanide, as detailed above, and 266 K for i-PrCN. Recently, the laboratory spectroscopic study up to 127 GHz of these vibrationally excited states (Müller et al. 2016) led to their detection in space as explained above. Following this identification we decided to carry out a more extensive analysis up to 506 GHz of these vibrational states with the aim of providing reliable predictions over the whole operating band of ALMA. The present data should be useful to search for vibrationally excited states of n-PrCN in Orion KL where transitions of the ground vibrational states of both conformers were detected recently with ALMA (Pagani et al. 2017). During our work we also extended the spectral analysis of the ground state, and carried out new work on the combination states of 18 = 30 = 1 for the anti conformer and 29 = 30 = 1 for the gauche conformer. Transitions of these and other higher-lying vibrational states may be observable in the new EMoCA data obtained in ALMA Cycle 4.

Laboratory spectroscopic details

All measurements were carried out at Universität zu Köln. A schematic diagram of the experimental arrangement is shown in Fig. 2. The experimental arrangement for measurements between 36-70 GHz and between 89.25-126.75 GHz have been described previously (Müller et al. 2016). In the two new higher frequency ranges (171-251 and 310-506 GHz) we used a 5.1 m long double path (10.2 m total) absorption cell with inner diameter of 100 mm and equipped with Teflon windows. A commercial sample of n-PrCN was flowed slowly through the cell at pressures of around 1 Pa. The cell was at room temperature but the inlet system was heated to about 50 were co-added. Schottky diode detectors were used to detect output power. We used frequency modulation (FM) throughout with demodulation at 2 f , which causes an isolated line to appear approximately as a second derivative of a Gaussian. Optimally the FM deviation was set to half the linewidth, hence typically 250 kHz around 300 GHz. The sensitivity of the spectrometer systems varied with frequency showing both a diminution on the edges of the frequency bands and fluctuations throughout (source power, coupling, reflections, absorption by the optics) in spite of periodic optimization. Nevertheless, relative intensities could be used as guidance for assignments by comparing lines relatively close in frequency.

Spectroscopic results and discussion

Ground vibrational state

The frequency of previous fits of the ground states was limited to 300 GHz. Our latest fits of the vibrationally excited states were based on deviations from the ground-state parameters and were made up to 506 GHz. Hence we found it useful to also include new higher frequency measurements and make an up-dated fit of the ground state. The extension of the fit, and the increasing precision of predictions allowed us to also include 1002 additional transitions for the anti conformer and 1545 for the gauche in the range below 300 GHz, including btype and hyperfine split transitions. The assigned uncertainties were 0.01-0.1 MHz, depending on the quality of lines. Usually uncertainties of 0.05-0.1 MHz were assigned above 310 GHz because of the very crowed spectrum which is caused for example by the increase of lines for a given J and the increase in line width (to more than 1 MHz). The difference in the components of the dipole moment for the anti and gauche conformers has an implication on the type of transitions that can be measured and on the parameters that can be determined as will be elaborated below. We took the following dipole moment components for our predictions: (1988), however, µ a for a-n-PrCN, and µ c for g-n-PrCN were taken from quantum-chemical calculations made by H.S.P Müller using the method described in Müller et al. (2011).

The value of µ a for a-n-PrCN, some 10% larger than that quoted by Wlodarczak et al. (1988) is also consistent with astrophysical observations (Belloche et al. 2014).

In total we added 1992 new measured transitions (1284 lines because of transitions close or at the same frequency) for the anti conformer in the frequency bands of 36-70, 89-127, 171-251 and 310-506 GHz with K a up to 29 and J up to 115 for the lower state (denoted K a and J ). The fitted lines for the anti Article number, page 3 of 14 A&A proofs: manuscript no. prcn_506GHz Notes. g/a gives the nomenclature for the gauche/anti conformer respectively. The frequencies are ab initio values taken from Durig et al. (2001).

For the anti confomer the equivalent temperature also includes the energy of this conformer (58 K equivalent) above that of the gauche. *C represents the CH 2 group adjacent to the C≡N conformer are shown in Table 10 (available at the CDS, contains the following information: rotational transition represented by quantum numbers of upper and lower levels, assigned frequency, calculated frequency, residual (assigned-predicted), uncertainty assigned; and for non-resolved transitions: weighted average predicted frequency and difference from assigned frequency). In these newly assigned lines, there were 154 hyperfine split transitions and all of them could be fitted with the hyperfine structure parameters from Vormann & Dreizler (1988). The hyperfine split lines were all below 100 GHz, because of the increasing overlap and broadening of lines at higher frequencies. Besides mainly a-type transitions, 20 b-type lines were assigned and fitted. All transitions were R-branch because of their stronger intensities in a-n-PrCN. The assigned b-type R-branch lines with (∆J, ∆K a , ∆K c ) = (1, ±1, 1) were in the frequency below 251 GHz and have a K a up to 2 and J up to 55. Using the larger set of fitted lines, we were able to refine the molecular parameters which are listed in Table 2 together with the parameters determined in Belloche et al. (2009). By comparison we can see that uncertainties on the parameters are smaller. However, the WRMS of our fits is somewhat higher as it is close to or slightly less than 1, which indicates experimental uncertainties are comparable to residuals. We were also able to add some octic centrifugal distortion parameters (L KK J , L JJK and L J ). We constrained the value of H K to the same value as its estimation in Belloche et al. (2009) since it could not be correctly fit because of the persistent lack of b-type transitions with higher values of K a . We give some additional information to quantify the reliability of predictions. For R-branch a-type transitions the limit of good predictions is J = 123 at K a = 32. This limit is specified for uncertainties on the predictions less than 0.1 MHz and a similar criterion will be used for the following sections. For lower K a the limit in J increases slowly and for higher K a it decreases rapidly as is the case for the examples that will be cited for the other conformer and other vibrational states.

For the gauche conformer, because of its more asymmetrical geometry and larger b-component of the dipole moment, more different types of transition (compared to the anti) were intense enough to be identified and assigned. Totally 3290 more transitions (1861 new lines) were fitted and shown in Table 11 (available at the CDS); they are 1318 R-branch a-type transitions, 143 Q-branch a-type transitions, 1255 R-branch b-type transitions, 448 Q-branch b-type transitions and 126 P-branch b-type transitions. All of the newly assigned Q-and P-branch lines are below 320 GHz. 442 hyperfine split transitions were included and fitted with parameters from Vormann & Dreizler (1988). Both a-n-PrCN and g-n-PrCN showed prolate pairing. Again due to the more asymmetrical geometry of g-n-PrCN only K a = 0 and 1 lines could be found oblate paired for the anti conformer whereas for the gauche conformer oblate pairing could be observed up to between K a = 7 and 8. The newly fitted lines of g-n-PrCN also allowed us to refine the parameter list as shown in Table 2, with all parameters showing uncertainties at least ten times lower than those quoted in Belloche et al. (2009). Additionally, higher order centrifugal distortion parameters: L JJK , L J , l 1 and P KKK J could be determined. As regards good predictions (see the anti conformer) the limit of R-branch a-type transitions is for example J = 99 at K a = 50. Considering oblate pairing at high frequencies, transitions with (∆J, ∆K a , ∆K c ) = (1, 1, 1) were used to make confident predictions. Finally, all b-type transitions at frequencies below 950 GHz were well predicted with K a up to 34.

3.2. 30 = 1 and 2 of g-n-PrCN 30 = 1 is the lowest-lying vibrationally excited state of g-n-PrCN which corresponds to a C 2 H 5 torsion around the central C atom (Crowder 1987;Müller et al. 2016). In this work, measurements at 171-251 and 310-506 GHz were added to refine the parameters; the frequency of transitions was limited to 127 GHz in Müller et al. (2016). We assigned new lines in the sequence of increasing J for each K a first in the lower frequency range and then for the higher one, so as to carefully check the coherence of the evolution of molecular parameters. When new lines could not be fit within experimental uncertainties, and especially when trends were observed, new additional parameters were tried sequentially. The final derived parameters with their uncertainties are listed in Table 3 and those determined in Müller et al. (2016) are listed simultaneously as comparison. Lines of 30 = 1 and 30 = 2 were fit together. We followed the method for coding the parameters of vibrationally excited states used in previous papers, that is ∆X represents X =1 -X =0 , and ∆∆X = X =2 -X =0 -2∆X. Using this method, we took advantage of the relation between vibrational states to reduce the number of parameters needed to be determined. Furthermore, ∆X should be significantly smaller than X =0 , and ∆∆X significantly smaller than ∆X, giving a useful check on parameters with abnormal values. The decrease in intensities of lines of higher excited states made their fitting more difficult, especially at high frequency. Finally we could fit 2632 more transitions (1524 new lines) for v 30 = 1. All of the newly fitted 1457 a-type transitions were Rbranch with ∆K a = 0; we tried to find Q-branch a-type lines but they were much weaker (for example for two lines compared around 178.9 GHz the Q-branch a-type transition was about 50 times weaker than a nearby R-branch a-type transition). The highest J of a-type lines we could fit in our available frequency was around 90 near 500 GHz, with somewhat higher values for low K a and somewhat lower values for high K a . We fitted a-type transitions with K a up to 20 over all ranges, and an additional 32 Notes. The fits of Belloche et al. (2009) are based on work from Demaison & Dreizler (1982), Wlodarczak et al. (1988), Vormann & Dreizler (1988). WRMS is short for weighted root mean square used to evaluate the final fit.

WRMS = i ( δ(i) err(i) ) 2 N
, where δ(i) is the residual of each transition assigned; err(i) is the uncertainty evaluated; N is the number of transitions. Numbers in parantheses represent the uncertainty compared to the last quoted digit. (a) The value of H K was estimated by Belloche et al. (2009). (b) The new added hyperfine split lines can all be fit correctly with the hyperfine structure parameters from Vormann & Dreizler (1988), so they were fixed in this work.

transitions with K a between 21 and 25 between 171-251 GHz. Like in the ground state, a-type high J low K a transitions were usually oblate paired with b-type transitions in the same branch. Totally 1175 b-type transitions in both R-and Q-branches were added to the fit. Most b-type transitions assigned were R-branch and more occurred in the high frequency range as the energy between neighboring K a levels gets larger quickly with increasing K a . Among the newly fitted R-branch b-type transitions about half had (∆J, ∆K a , ∆K c ) = (1, 1, 1) with K a covering 0 to 19, while the transitions with (1, -1, 1) all had K a up to 12 and the transitions with (1, 1, -1) had K a not less than 6. Among the Q-branch, previously fitted transitions have K a less than 12 between 37.30-125.54 GHz, and 204 newly fitted transitions were all b-type with K a ≤ 12 between 171-251 GHz. The refined parameters enable good predictions (see section 3.1) of R-branch a-type transitions up to J = 91 at K a = 30, and b-type transitions with (∆J, ∆K a , ∆K c ) = (1, 1, 1) up to J = 95 at K a = 20. Fitted transitions of 30 = 2 above 171 GHz were similar in type to those of 30 = 1: 1045 R-branch a-type transitions, 778 Rbranch b-type transitions, and 214 Q-branch b-type transitions;

Article number, page 5 of 14 with no new hyperfine split transitions. Table 12 (available at the CDS) gives all lines of 30 = 1 and 30 = 2 used in the final fit. We found it was difficult to fit a-type transitions with J larger than 89 for K a = 0 and 1, as all these transitions showed residuals (assigned-predicted) with a trend of increasing negative values. New parameters could not be determined to remove this trend. Therefore we put all these identified transitions in a separate list (Table 13, at the CDS). As a precaution, all sametype transitions with J larger than 89 for higher K a were put into this supplementary list even if the lines appeared to fit correctly. An obvious trend of residuals also took place with J larger than 59 for K a = 20. The limit of safe a-type lines climbs to K a = 22 with J up to 58. R-branch b-type transitions in our newly assigned frequency ranges could be classified in 3 groups as was the case for 30 = 1: transitions with (∆J, ∆K a , ∆K c ) = (1, 1, 1), (1, -1, 1) and (1, 1, -1). All 3 groups of transitions are in the frequency ranges of 171-251 and 310-506 GHz, with the coverage of K a and J similar to those of 30 = 1. The Q-branch b-type transitions with (∆J, ∆K a , ∆K c ) = (0, 1, -1) are all in the range 171-251 GHz with K a from 12-17, J from 19-65 and not sequential with frequency. The two sub-branches of the Qbranch b-type transitions (J = K a + K c and J = K a + K c -1) show prolate pairing and hence have doubled intensities facilitating the assignments. Taking into account that vibrational coupling may cause some transitions to shift in frequency by up to the order of 1 MHz, safe predictions can be made up to J = 88 at K a ≤ 19 and J = 59 for 20 ≤ K a ≤ 25 for a-type transitions, and up to K a = 14 for b-type transitions. 3.3. 29 = 1 of g-n-PrCN 29 = 1 is a vibrational state lying in energy between 30 = 1 and 30 = 2. We started from the fit of Müller et al. (2016) and first added lines up to 251 GHz. When we got to K a = 8 for new lines we started to have problems with a calculated WRMS larger than 1.40. We noticed that Q-branch b-type lines with high J numbers in Müller et al. (2016) all had residuals more than three times the attributed uncertainties (3σ) with the same sign for a particular K a . We decided to remove these problem lines from the fit, and concentrate on Q-branch b-type transitions at higher frequency which have stronger intensities (176 transitions with K a between 12-17 at 176-242 GHz). The newly determined parameters allowed us to make more precise predictions and identify clearly that the problem lines show internal rotation splitting, that was previously difficult to differentiate from line crowding and quadrupole hyperfine splitting. The split lines show two components separated by around 0.5 MHz with similar intensity and center on the up-dated predictions. The center frequencies (all calculated by averaging the positions of the two components) were hence assigned with a higher uncertainty (0.05 MHz). All lines included in our new fit up to 506 GHz are listed in Table 14 (at the CDS). No hyperfine splitting was resolved above 171 GHz, while all lower-frequency hyperfine split lines from Müller et al. (2016) were fitted with the ground-state hyperfine structure parameters from Vormann & Dreizler (1988). If not indicated specifically, it is the same for other states. R-branch btype transitions were in the same three groups as 30 = 1 and 2, with the largest K a = 19 and largest J = 91 near 500 GHz. The b-type transitions with (∆J, ∆K a , ∆K c ) = (1, 1, ±1) are prolate paired (or close) with low J and high K a ; while (1, ±1, 1) transitions are more oblate paired with high J and low K a , therefore nearly half of the newly assigned, 715 R-branch b-type transitions had (∆J, ∆K a , ∆K c ) = (1, 1, 1). All newly assigned R-branch a-type transitions with K a up to 20 and 32 were suc-cessfully fit at frequencies up to respectively 506 and 251 GHz. a-type transitions with K a = 11 were badly fit above J = 77 for the sub-branch J = K a + K c and J = 82 for J = K a + K c -1 with obvious trends. We put all these lines, with lines of larger J and K a (even if some had reasonable residuals), into a separate list (Table 15, available at the CDS) as we did in 30 = 2 and they were excluded from our final fit. Finally we derived the parameter list as shown in Table 4 additionally determining ∆H K and ∆h 1 . ∆H JK was decreased by 60% compared with Müller et al. (2016), because of the correction of the assignment of lines with internal rotation splitting. These corrected transition frequencies as well as the newly assigned transitions allowed us to determine ∆h 1 and this, in turn, changed the values of ∆h 2 and ∆h 3 significantly. The value of ∆H J was also better determined. The refined parameters allow confident predictions above 310 GHz for a-type transitions with J up to 121 at K a = 10, but less than 77 at K a between 11 and 35. For b-type transitions, the largest K a is 14. 3.4. 28 = 1 of g-n-PrCN Most transitions fitted in Müller et al. (2016) were R-branch a-type with J less than 22 and K a less than 19. The 28 vibrational mode involves mainly methyl group torsion (Crowder 1987;Durig et al. 2001) leading to a considerable internal rotation character in the microwave spectra; some evidence was observed in Müller et al. (2016) when assigning transitions with K a ≥ 3. Owing to this, our confident assignments for the high-K R-branch a-type transitions could not climb as high in J as the lower-energy states of g-n-PrCN: J = 40 between K a = 10-20 at about 245 GHz. Since the internal rotation causes broadening, shoulders or splits which are more prominent in high J transitions, we followed a similar procedure to Müller et al. (2016). For symmetric broadening, or splits with similar intensities of the two components with the separation around 0.6 MHz, we assigned the prediction to the center and gave an uncertainty of 0.05 MHz. For splits with an intensity ratio of 1:2 or 2:1, we assigned the prediction to the weighted average frequency and gave an uncertainty of 0.10 MHz. This is indicated in the line lists available at the CDS. The broadening and line density above 310 GHz made secure assignments for internal-rotation affected lines impossible; finally a-type transitions could be fit with K a up to 9 between 310-506 GHz. The small number of b-type transitions fitted in Müller et al. (2016) made it difficult to determine the pure K parameters, D K and H K . For R-branch b-type transitions, the assignments with higher K a were difficult because they were close to each other. This was already the case at lower frequency as described in Müller et al. (2016). However, 309 R-branch b-type transitions with (∆J, ∆K a , ∆K c ) = (1, ±1, 1) whose K a up to 9 and J up to 89 could be added to the fit up to 506 GHz. Because of the difficulty in assigning high-K transitions, it was not possible to add new (1, 1, -1) transitions at higher frequency. Additionally, 12 new Q-branch b-type transitions could be assigned and fit; all of these lines have K a between 12-17 from 174.93-245.03 GHz. These newly assigned b-type transitions proved useful to determine the molecular parameters especially ∆D K , whose value was freed and determined consistent to the estimation in Müller et al. (2016) (as Table 5). All fitted lines of 28 = 1 can be found in Table 16 (available at the CDS) and additional lines were put in Table 17 (available at the CDS) as we did for other states of the gauche conformer. The limit of good predictions above 310 GHz is J = 89 at K a up to 5 and J = 78 at larger K a (≤ 9) for both a-and b-type tran- Notes. The molecular parameters of 30 = 1 are expressed as X =1 = X =0 + ∆X and for 30 = 2, they are X =2 = X =0 + 2∆X 30 =1 + ∆∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. ∆χ aa in Müller et al. (2016) was fit on the ground-state value from Vormann & Dreizler (1988). Other ground-state parameters used in Müller et al. (2016) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters. WRMS was calculated on the fit of all lines including 30 = 1 and 2.

sitions, owing to the difficulty in assigning high-K transitions.

3.5. 29 = 30 = 1 of g-n-PrCN Hirota (1962) refers to seeing combination states in his measurements but gives no further details or analysis. We used the empirical method of estimating the parameters by addition of the changes of each individual vibrational state: X 29 = 30 =1 = X =0 + ∆X 30 =1 + ∆X 29 =1 + ∆∆X. First predictions were made with ∆∆X = 0. Lines could then be easily assigned to transitions with low quantum numbers, and subsequently the correction ∆∆X was liberated for certain parameters to fit successively more transitions. The exploratory assignments began with intense R-branch a-type transitions and then b-type transitions. After all R-branch transitions were assigned and fitted, Q-branch b-type transitions were measured with particular care because of the already identified internal rotation of 29 = 1 involved in the movement of this combination vibrational state and the higher energy giving weaker lines. For R-branch a-type transitions, we could successfully fit all transtions with K a up to 20 (excluding lines of K a = 18, which showed a clear trend in residuals between 197.48 and 221.45 GHz) for frequencies below 251 GHz. But in the range 310-506 GHz, the assignments appeared difficult in spite of larger intensities. As for other vibrational states of g-n-PrCN, the oblate pairing consisting of a-type and b-type transitions facilitated the assignments. However, the increasing separation of paired transitions with increase in quantum numbers made assignments more difficult combined with the blending and broadening in the high frequency range and the possible splits caused by internal rotations. Therefore very secure assignments with K a up to 4 or 5 (for each sub-branch) were first made.

Even after the improvement of the parameters several lines at each K a could not be correctly fitted showing systematic residuals. All these lines are in the ranges of J from 68 to 73 and from 89 to 93. We attributed this as due coupling with other vibrational states. Finally 935 R-branch a-type transitions were identified in all four frequency ranges. The assignment of b-type tran-Article number, page 7 of 14

A&A proofs: manuscript no. prcn_506GHz Notes. The molecular parameters of 29 = 1 are expressed as X =1 = X =0 + ∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. The hyperfine structure parameters used were from Vormann & Dreizler (1988). Other ground-state parameters used in Müller et al. (2016) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters.

(a) ∆H K J had an error in sign in Müller et al. (2016) that is corrected here. (b) We checked 288 Q-branch b-type transitions used in Müller et al. (2016) and re-assigned 41 transitions with internal rotation splitting.

sitions was not easy due to low intensities at low frequencies and blending and broadening at high frequencies. The confidently assigned b-type transitions at high frequency were all oblate paired with intense a-type transitions with K a less than 6. Totally, 487 b-type transitions were fitted. Q-branch b-type transitions were useful to correctly determine the parameter D K . We identified internal rotation causing splits (with the components separated by around 0.6 MHz) at frequencies between 89.25-126.75 GHz, in transitions with large J . In this range, Q-branch b-type transitions have K a less than 11 and those that could be securely assigned have J less than 45. For Q-branch b-type transitions with K a between 13 and 18 in the range 171-251 GHz, only prolate pairs were assigned. These transitions have low J and hence are not affected by internal rotation. Finally 466 Q-branch b-type transitions were correctly fitted. Moreover, 110 hyperfine split transitions were fitted with fixed hyperfine parameters from 30 = 1. These are R-branch a-type transitions with J approaching K a (less than 11), b-type transitions (both R-branch and Qbranch) with K a less than 4 at frequencies below 70 GHz. The Notes. The molecular parameters of 28 = 1 are expressed as X =1 = X =0 + ∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. The hyperfine structure parameters used were from Vormann & Dreizler (1988). Other ground-state parameters used in Müller et al. (2016) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters. (a) The value of ∆D K in Müller et al. (2016) was estimated with fairly secure assignments of the measured b-type transitions.

derived parameters are shown in the Table 6. The fitted transitions are in Table 18 (available at the CDS), and those confidently assigned but not correctly fitted with systematic residuals are separated in Table 19 (available at the CDS). Using the newly derived molecular parameters, confident predictions of atype transitions can be made up to J = 68 for K a ≤ 5 below 380 GHz, and J = 41 for K a ≤ 41 below 251 GHz (excluding lines of K a = 18 that show residuals that cannot be fitted). For b-type transitions, all R-branch predictions with K a ≤ 11 below 251 GHz are reliable, and J ≤ 41 for K a ≤ 17 for the Q-branch also below 251 GHz. For frequencies above 310 GHz, the limit of b-type transitions has the same limit as the a-type because of oblate pairing.

3.6. 30 = 1 of a-n-PrCN 30 = 1 of a-n-PrCN was fit together with 30 = 2 and 18 = 1, in order to take into account Coriolis-type and Fermi coupling effects between the latter two states. All lines of 30 = 1, 2 and 18 = 1 included in the final fit are given in Table 20 (available at the CDS). All confident assignments showing large residuals and a trend that could not be corrected with additional parameters were put in a separate list ( Notes. The molecular parameters are expressed as X 29 = 30 =1 = X =0 + ∆X 30 =1 + ∆X 29 =1 + ∆∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. Parameters without uncertainties were kept fixed in the fit. The parameters determined in this work are based on the up-dated ground-state parameters and the changes for 30 = 1 and 29 = 1 already determined in this work.

tained changes of the molecular parameters for all three vibrational states shown in Table 7. We discuss 30 = 1 first. Most transitions fitted were a-type (516 out of 540 in Müller et al. (2016); 1134 new transitions out of 1259 in this work) because of the low value of µ b . New assignments between 171-251 GHz could be smoothly fit for all a-type transitions with K a up to 19, by adding ∆H JK . For K a = 20, transitions with J between 38-48 between 173-217 GHz could not be correctly assigned because of the poor line shape; assignments could be made with larger J , but the residuals were already over our acceptable value (3σ). For assignments between 310-506 GHz, we were only able to fit up to K a = 3 with the previous parameter list.

First we tried to add ∆h 1 and ∆h 2 , as h 1 and h 2 could be determined for the ground vibrational state but these parameters did not allow us to fit higher K a lines correctly. In order to do this we had to add ∆h 3 , but in this case ∆h 1 could not be determined any more. Finally the best fit was obtained using ∆h 2 and ∆h 3 .

For lines above 310 GHz, we could not successfully fit above J larger than 84 for K a = 14 with all problem lines showing negatively trended residuals. Similarly K a = 15 showed positive trended residuals and 16 positive trended but smaller residuals. The addition of high order parameters did not allow an adequate fit of these lines, and the value of parameters varied largely and became dependent on the data set used. We hence omitted them from the final fit. Although K a = 17, 18 and 19 could then be fitted with all determined parameters, by precaution we put all lines with J > 84 and K a > 13 into our separate list in Table 21. Extensive fitting of b-type lines proved difficult. We did, however succeed in measuring 125 b-type transitions, up to 251 GHz. Most of these b-type transitions are Q-branch with K a up to 3 because of their higher intensities. For R-branch b-type transitions we could get to J = 55 and K a = 2. b-type lines were very useful for determining ∆A and ∆D K , whose uncertainties were decreased to one tenth of their previous values (as Table 7).

The value of H K in the ground-state of a-n-PrCN could not be correctly determined, and no differences (∆H K ) were hence determined for the vibrationally excited states. Using the new parameters, predictions should be relatively confident with J up to 119 for K a ≤ 28, but predictions for K a = 14, 15 and 16 with J ≥ 84 may not all be reliably precise because of the vibrational coupling. Hence the measured frequency should be used when available.

3.7. 30 = 2 and 18 = 1 of a-n-PrCN

The fitting for 30 = 2 was started after the parameters of 30 = 1 were obtained. We first fitted the transitions from 171-251 GHz with increasing K a . For K a = 9, transitions with J between 43-55 could not be correctly fit, neither could the transitions with K a = 10 and 11. Our new assignments with higher values of K a in the final line list enabled us to determine ∆∆H K J which took a larger than estimated value of about three times ∆H K J . This then allowed lines with K a up to 11 to be successfully fit.

We then started to assign lines of 18 = 1 at 171-251 GHz, since no major coupling had been observed previously up to this K a value. Lines with K a up to 12 could be fit for 18 = 1. However, lines with higher K a were calculated with residuals beyond our expectance. After including the new data, previously assigned 30 = 2 lines with K a = 12 and 13 had positive residuals above 3σ whereas residuals with negative values could be found for previous assignments of 18 = 1 with K a = 13 and 14. For K a = 14 of 30 = 2, residuals were between -0.22 to -0.30 MHz for previous assignments. These deviations are likely caused by deficiencies in describing the Coriolis-type interaction between 18 = 1 and 30 = 2. In contrast, the residuals for K a = 15 of 18 = 1 were positive with almost same absolute values as 30 = 2. Restraining ∆∆H K J as Müller et al. (2016), did not help. We attributed the problem to insufficient coupling parameters, and determined that G cJ and F K were necessary for fitting these lines. The effect of adding these two parameters is shown in Fig. 3. We could then fit lines of 30 = 2 with K a up to 19. Lines with K a = 19 above J = 51 showed asymmetrical shapes and even splits. For 18 = 1 we could safely assign and fit lines with K a up to 20. We then moved on to the higher frequency range above 310 GHz. Fitting was successful for K a = 8 for 30 = 2 up to 506 GHz, but at K a = 9 we were hindered by separation of transitions from their prolate pairs at J = 95, which lead to a broadening of the line shape or even unresolved splits. Fitting with higher K a proved difficult, and at higher energy, coupling with other vibrational states is possible. We noticed obvious trends in the residuals of lines with K a ≥ 10. For
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Table 7. Changes of molecular parameters for the 30 = 1, 2 and 18 = 1 vibrational states of a-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of Müller et al. (2016). Notes. The molecular parameters of 30 = 1 and 18 = 1 are expressed as X =1 = X =0 + ∆X and for 30 = 2, they are X =2 = X =0 + 2∆X 30 =1 + ∆∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. The hyperfine structure parameters used were from Vormann & Dreizler (1988). Other ground-state parameters used in Müller et al. (2016) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters. The value of H K in the ground-state a-n-PrCN cannot be correctly determined, and no differences were hence determined for the vibrationally excited states. Coupling parameters are used to fit transitions showing Coriolis and Fermi coupling of 30 = 2 and 18 = 1. WRMS was calculated on the fit of all lines including 30 = 1, 2 and 18 = 1. (a) the changes of parameters previously are from Müller et al. (2016). (b) The value of ∆∆H K J was estimated in Müller et al. (2016), however, we were able to free it in this fit. (c) Only a-type transitions were taken into account for Max J and Max K a , because most transitions assigned are a-type for a-n-PrCN.

Parameters

example, positive-trend residuals (0.12 to 0.31 MHz) for J between 83-111 at K a = 10, negative-trend residuals (-0.08 to -1.46 MHz) for J between 84-109 at K a = 11. Lines showing identified trends in the residuals with K a up to 17 are listed in Table 21; higher K a lines could not be followed and assigned confidently. For 18 = 1, the separation of sub-branches of Rbranch a-type transitions also stopped us fitting transitions with J larger than 85 at K a = 9. Up to K a = 16, assignments could be correctly fit up to J = 76 at around 336 GHz; the fits for higher J transitions with trended residuals are included in Table 21. We could successfully fit another 25 b-type transitions with K a = 0 and 1 for 30 = 2 that are included in Ta-ble 20 (available at the CDS), most of them R-branch transitions between 171-251 GHz. For these two states, confident predictions should be possible up to J = 110 for K a ≤ 9; for higher K a ≤ 17 confident predictions are limited to J ≤ 82. Note that interstate transitions between 30 = 2 and 18 = 1 can be predicted but are too weak to be measured in laboratory and most certainly in space.

The difficulty of the fits for 30 = 1, 2 and 18 = 1 of an-PrCN is increased by a non-resonant Coriolis interaction between 30 = 1 and 18 = 1. This interaction is apparent in the relatively large vibrational corrections of many spectroscopic parameters of 18 = 1 and 30 = 2 which are often of similar mag-Article number, page 10 of 14 D. Liu et al.: Frequencies of the low lying vibrational states of n-propyl cyanide up to 506 GHz nitude, but of opposite sign (see Table 7). Fitting of the entire present data set may thus require more changes in spectroscopic parameters than can safely be determined. Because of the multiple interactions possible between several vibrational states the determination of these parameters most likely requires substantial further measurements and analysis that are outside the scope of this work for predicting lines strong enough to be clearly seen in an astrophysical survey. However, this may be done in future. 3.8. 29 = 1 of a-n-PrCN 29 = 1 of the anti conformer is a vibrational state with energy between 30 = 2 and 18 = 30 = 1. The assignments for transitions in higher states were difficult since their intensities get weaker and because the possibility of coupling with other states increases. As explained previously the identification of btype transitions was even harder. Since only a-type transitions with ∆K a = 0 were identified it was not possible to determine ∆D K . ∆A was not so well determined. We could identify internal rotation splitting caused by the methyl group torsion with K a = 1 and 2 (only for the sub-branch, J = K a + K c ). All of the split lines showing similar-intensity components separated by around 0.5 MHz, are between 171-251 GHz, with J between 39-57 (for K a = 1) and between 46-55 (for K a = 2). At higher frequencies internal rotation splitting and accidental line overlap could not be discriminated and hence assignments were not made if a single symmetric line was not identified. Finally, transitions with K a up to 17 could be fit between 171-251 GHz with J between 39 and 58. Above 171 GHz transitions with K a = 11 could not be correctly fit, with residuals from 0.43 to 1.53 MHz showing a trend with increasing J . This is probably due to coupling with another vibrational state, as other K a transitions (above and below) in the frequency range could be well fitted. For assignments from 310-506 GHz, we could fit transitions with K a up to 8. For weaker none-prolate paired transitions with K a less than 8, overlaps stopped us fitting more transitions, especially those with K a from 4 to 7. Higher K a transitions were assigned but all with trends in the residuals, and were removed to the supplementary list given in Table 23 (available at the CDS) with all assigned K a = 11 transitions not included in the fit. Explorative fits including transitions with K a = 9 and 10 at 310-506 GHz changed determined parameters significantly and required illogical higher order parameters. Also the fits became dataset dependent since the newly determined parameters fit transitions with even higher K a , worse than the previous. Therefore all assignments of transitions with K a ≥ 9 were moved to Table 23 leaving transitions included in the fit in Table 22 (available at the CDS). Finally the changes of parameters are shown in Table 8. Confident predictions can be made with K a ≤ 8 with good results (see section 3.1) for J up to 90. Higher K a predictions can be made with relative confidence especially at lower frequencies except for K a = 11 because of the unidentified vibrational coupling.

3.9. 18 = 30 = 1 of a-n-PrCN

We present in Table 9 the first published molecular parameters for 18 = 30 = 1 of a-n-PrCN. Hirota (1962) refers to seeing combination states in his measurements but gives no further details or analysis. The assignments were quite difficult as this state has the highest energy in our present study. Moreover, just as 18 = 1 and 30 = 2 interact resonantly, 18 = 30 = 1 and 30 = 3 are expected to interact resonantly, and 18 = 30 = 1 Notes. The molecular parameters of 29 = 1 are expressed as X =1 = X =0 + ∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. The hyperfine structure parameters used were from Vormann & Dreizler (1988). Other ground-state parameters used in Müller et al. (2016) were from Belloche et al. (2009). The parameters determined in this work are based on the up-dated ground-state parameters. (a) Max K a of newly assigned transitions is 17; transitions with K a = 18 are all fitted by Müller et al. (2016) below 125 GHz.

is expected to interact at least non-resonantly with 30 = 2 and with 18 = 2. Finally 613 transitions (492 lines) were assigned and fitted below 506 GHz (Table 24, available at the CDS). All transitions assigned are a-type R-branch because of their strong intensities. At the beginning, only parameters of 30 = 1 and 18 = 1 were used to make predictions, that can be seen from the table to give relatively correct estimates of B, C and D J . These estimates were sufficiently correct, along with the other approximate parameters, to identify lines with K a between 0 and 5 below 70 GHz. Then more lines could be identified with iterative fitting and refinement of the parameters. Lines were assigned sequentially through all four available frequency ranges: 36-70, 89-126, 171-251, and 310-506 GHz as increasing J and K a . We could safely assign transitions with the highest K a = 8 in all available frequency ranges. Below 70 GHz we were able to assign some additional lines (J between 10 and 14 for K a = 9; J between 11 and 13 for K a = 10). Assignments for higher K a transitions need high order centrifugal distortion parameters, which are also better determined by fitted transitions with high quantum numbers. Lower intensities of higher K a transitions and possible coupling with 29 = 1 presented ambiguities for their assignments. Conversely lack of lines with high K a make it difficult to characterize any coupling with 29 = 1. Exploratory fits for transitions with K a = 9 and 10 between 89-126 GHz re-Article number, page 11 of 14 sulted in negative residuals of about -0.2 MHz (20 ≤ J ≤ 22) and -0.36 --0.45 MHz (20 ≤ J ≤ 24) respectively, however without any clear trends; all these tentative assignments are listed in Table 25 (available at the CDS). Other assignments fitted with significant residuals (showing that more parameters are needed), include lines with 51 ≤ J ≤ 55 of K a = 8 at 230.61-248.34 GHz (residuals between 0.09-0.34 MHz) and 90 ≤ J ≤ 111 of K a = 1 at 396.84-486.70 GHz (residuals between -0.16 --0.36 MHz). The WRMS we derived was somewhat larger than other states because high frequency lines were somewhat less well predicted with the current parameter list. We note that including ∆∆H K J in the fit gave a determined value of -547(43) × 10 -9 , however, since this value was unreasonably large we did not use it in the final fit. When J approaches K a , broadening and splitting caused by quadrupole hyperfine splitting were identified. 58 hyperfine split transitions below 70 GHz were added to the list with K a between four and ten. Hyperfine structure parameters from Vormann & Dreizler (1988) for the ground state are sufficient to fit them. Confident predictions are possible up to K a = 7, for J ≤ 89. For K a = 8, up to J = 50 and for K a = 9 and 10, only predictions below 70 GHz can be treated with full confidence.

Conclusion and outlook

We have added 11453 new lines to fits for both conformers of n-PrCN, mainly in the frequency ranges 171-251 and 310-506 GHz. We have hence improved molecular parameters for the ground states of both anti-and gauche-n-propyl cyanide and for excited vibrational states of the gauche conformer ( 30 = 1, 29 = 1, 30 = 2, 28 = 1) and anti conformer ( 30 = 1, 18 = 1, 30 = 2, 29 = 1). The inclusion of these newly assigned lines gives a more precise and extended list of molecular parameters to improve the predictions over the entire operating range of ALMA. The present data should be useful to search for vibrationally excited states of n-PrCN in Orion KL with ALMA. For Coriolis and Fermi coupling between 30 = 2 (K a ≥ 13) and 18 = 1 (K a ≥ 14), two more coupling parameters F K and G CJ were derived from fitting. During the analysis, we not only continued assigning internal rotation split transitions in 28 = 1 of g-n-PrCN between 171-251 GHz but also identified additional internal rotation splitting of the Q-branch b-type transitions occuring in 29 = 1 (for both the fundamental and combination states) of the gauche conformer at frequencies below 125 GHz and also in the R-branch a-type transitions in 29 = 1 of the anti conformer with K a = 1 and 2, at 171-251 GHz. This splitting is not expected to be resolved in astrophysical spectra. We gave the first published measurements and derived parameters for the combination state 18 = 30 = 1 for a-n-PrCN and for the combination state 29 = 30 = 1 for g-n-PrCN, both found by using our parameters for the individual vibrational states. Transitions of these and other higher lying vibrational states may be observable in the new EMoCA data obtained in ALMA Cycle 4.

After each state and conformer, the reliability of predictions is discussed in particular as regards vibrational coupling, and limits of quantum numbers and frequencies are given. No problems have been found with the ground states. For the vibrational states above the limits given, it is best to use the measured frequencies given in the CDS when available. Measurements are presently not available in the ranges: 70-89, 127-171, and 251-310 GHz. As most of the perturbations observed are above about 350 GHz, confident predictions are available in these gaps. However, there are some particular cases. For 29 = 1 of the anti conformer, lines of K a = 11 are perturbed above 176 GHz hence no confident frequencies are available in the highest frequency gap. Similarly for the combination state 29 = 30 = 1 of the gauche conformer, for K a = 18 there are no confident frequencies available in the highest frequency gap. For the combination state 18 = 30 = 1 of the anti conformer, confident data is not available if not measured above K a = 8 for frequencies above 70 GHz, and for K a = 8 for frequencies above 221 GHz.

Lines assigned but not fitted correctly with our up-dated parameters are given as separate lists for astrophysical identification and will require future work to identify other vibrational couplings. These lines either have a shift more than three times the estimated experimental uncertainty or show clear trends in deviation, or both. Also lines that fit correctly but above K a and J ranges already showing deviations have been included in the supplementary list and not in the fit by precaution. There is most likely in a-n-PrCN, a non-resonant interaction between 30 = 1 and 18 = 1 as indicated by large but opposite variations in the determined ∆A rotational constant. 30 = 2 is also probably af- Notes. The molecular parameters are expressed as X 18 = 30 =1 = X =0 + ∆X 30 =1 + ∆X 18 =1 + ∆∆X. Numbers in parantheses represent the uncertainty compared to the last quoted digit. Parameters without uncertainties were kept fixed in the fit. The hyperfine structure parameters used were from Vormann & Dreizler (1988). The parameters determined in this work are based on the up-dated ground-state parameters and the changes for 30 = 1 and 18 = 1 already determined in this work.

fected by coupling with nearby states. Hence full treatment of the perturbed lines most likely requires the measurement at higher sensitivity of several additional higher vibrational states such as 30 = 3 and 18 = 2 by combined analysis. Tentative attempts to identify transitions of 30 = 3 in both conformers by extrapolation of the parameters from 30 = 0, 1 and 30 = 2 have not as yet been successful and require further work. Measurements of gasphase rovibrational spectra in the far infrared may also provide useful data for a more extensive analysis. Evidence for coupling in the gauche conformer is also seen but affects less the fitting. In general fitting of the gauche conformer is easier because the higher asymmetry allows more parameters to be determined independently.

  se, je souhaite montrer les motivations, le contexte, le contenu, les principaux ré sultats et les perspectives futures de ma recherche sur la spectroscopie du cyanure de propyle normal (n-PrCN), l'une des molé cules organiques les plus grandes et les plus complexes dé tecté es dans l'espace. Les deux conformè res les plus stables de n-PrCN sont é tudié s dans cette thè se, anti-(a-n-PrCN) et gauche-(g-n-PrCN), dont la repré sentation sché matique est pré senté e à la Fig. 1-1 a) et b). Un autre isomè re, le cyanure d'isopropyle ramifié (i-PrCN), est é galement illustré en c) à titre de comparaison.
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 1 Fig. 1-1 Repré sentation sché matique du cyanure de propyle: a) a-n-PrCN, b) g-n-PrCN et c) i-PrCN, les atomes C et N sont respectivement repré senté s par les boules grises et violettes et les atomes H par les petites boules gris clair. Grâ ce à la construction de l'impressionnant, grand ré seau d'antennes millimé trique/submillimé trique de l'Atacama (interfé romè tre ALMA), la dé tection des spectres dans les ré gions millimé triques et submillimé triques a é té largement amé lioré e. Premiè rement, ALMA a une ré solution spatiale trè s é levé e, ce qui ré duit la dilution du faisceau et la congestion spectrale. Deuxiè mement, en raison de la surface totale accrue des antennes combiné es, la

Fig. 1

 1 Fig. 1-1. Schematic depiction of propyl cyanide: a) a-n-PrCN, b) g-n-PrCN and c) i-PrCN, The C and N atoms are represented by gray and violet "spheres" respectively and the H atoms by small, light gray ones.

Fig. 2 - 1 .

 21 Fig. 2-1. Diagram of atmospheric opacity-wavelengths, the blue areas show where electromagnetic radiation can penetrate the Earth's atmosphere (vectorized by Mysid with an original diagram from NASA).
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 3 Fig.3-1. Schematic diagram of the structure of molecular energy levels in a diatomic molecule, in which the electronic energy levels are designated by 𝐸 𝑒0 and 𝐸 𝑒1 , in each potential curve, the vibrational levels which are designated by v can be treated as the sub-levels and similarly the rotational states designated by J, as sub-levels of each vibrational level(Manson et al. 1977).
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 33 Fig.3-3. 𝐾-ladder spectra of CH3C5N observed toward TMC-1, quantum numbers for each panel are indicated in the upper left corner as 𝐽 + 1, 𝐾 -𝐽, 𝐾 (𝐾 = 0, 1).(Snyder et al. 2006) 
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 35 Fig.3-5. Rotational energy levels when passing from a rigid to a non-rigid diatomic molecule(Banwell 1983, chap. 2).
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 36 Fig. 3-6. Newman projection formulas for g-n-PrCN, the eclipsed configuration is shown on the left and the staggered configuration is shown on the right.
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 3 Fig.3-7. Illustration of the energy levels (upper trace) and rotational transitions (un-split lines and split components in lower trace) for hindered symmetric and asymmetric rotors.(Gordy & Cook 1984, chap. 12) 
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 38 Fig. 3-8. Coriolis forces in a linear XYZ molecule (Townes & Schawlow 1975, chap. 2). The curved arrows indicate direction of rotation; solid straight arrows give the normal motion of the different modes of vibration and dashed arrows indicate the Coriolis forces. Components of the total angular momentum 𝐿 2 about three principal axes are used to discuss the Hamiltonian matrix for fitting the interacting states. Correspondingly, angular momentum 𝐽 𝑎 , 𝐽 𝑏 and 𝐽 𝑐 , which are components of 𝐽 , have significance in representing the Coriolis coupling parameters. The Hamiltonian used to fit the rotational spectra of the interacting states v1 and v2 can be written schematically as 𝐻 ̂= ( 𝐻 11 ̂𝐻12 Ĥ12 ̂𝐻22 ̂+ ∆𝐸),(3.35) 
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 41 Fig. 4-1. Setup for the molecular absorption spectra measurements at 171 -251 GHz. The arrow and dot between the wire-grid polarizer and tilted window express the polarizations of the incident and outgoing radiation; the dashed line between the signal generator and lock-in amplifier means the synchronization between modulation and demodulation, and the dotted line connected to the computer means control and acquisition by LabVIEW.
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 42 Fig. 4-2. A photo of the tilted window at the edge of the absorption cell.
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 4344 Fig. 4-3. Schematic flow chart of SPFIT and SPCAT.
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 4 Fig. 4-5. Some different situations in line assignments.
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 46 Fig. 4-6. Some situations in which SPFIT makes a weighted average.
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 4 Fig. 4-7. An example of the .par file.
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 4 Fig. 4-8. A simple example of the .fit file.
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 49 Fig. 4-9. An example of the .int file.

Chapter 4

 4 Measurements and analysis procedure 61 a axis and "2" along the b axis. After the identifier is the value of the component with the unit of D (Debye).
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 4 Fig. 4-10. An example of the .cat file.

  Chapter 5 n-propyl cyanide in the ground vibrational states 67 Richard et al. 2012), deuterated and 15 N substituted species (Margulè s et al. 2009), and doubly 13 C substituted ethyl cyanide (Margulè s et al. 2016).
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 51 Fig. 5-1. Comparison between the old (green) and new (red) predictions.
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 5253 Fig. 5-2. Segments of the .fit files of a-n-PrCN and g-n-PrCN.
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 54 Fig. 5-4. Examples of transitions in the ground state of g-n-PrCN.Some typical lines in the spectra of g-n-PrCN are shown in Fig.5-4. All lines are labelled with the quantum numbers of the transitions. I also give an identifier of the type of each transition. Red numbers stand for a-type transitions; blue numbers for b-type transitions. The identifiers have the same meaning as in Table3-1. We can find quite intense b-type lines of the gauche conformer, and most of them are R-branch with Δ𝐾 𝑎 , Δ𝐾 𝑐 = ±1 as shown in (b), (d) and (e). At higher frequency, these b-type R-branch lines are usually located in a so narrow frequency segment that cannot be resolved as shown in (e). b-type transitions with Δ𝐾 𝑐 = ±3 may also occur very close to the transition with Δ𝐾 𝑐 = ± 1 with a very similar predicted intensity at frequencies lower than 120 GHz, as shown in (a) and (b). Also at lower frequency, we can observe some Qand P-branch lines of both aand b-type, as shown in (a), (b), (c) and (f), although they are very weak. This is because g-n-PrCN is a more asymmetrical top, and levels
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 55 Fig. 5-5. Predictions shown over a large frequency range.
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 56 Fig. 5-6. Illustration of uncertainties on predictions: a) is the uncertainties of increasing 𝐽′′ at 𝐾 𝑎 ′′ = 16, which increases rapidly after a value around 𝐽 ′′ = 120. b) variation of the value of 𝐽′′ for good predictions as a function of 𝐾 𝑎 ′′ . We set an uncertainty of 0.1 MHz as the threshold. After𝐾 𝑎 ′′ = 32, the limit in 𝐽 ′′ drops sharply.
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 61 Fig. 6-1. Energies of low-lying vibrational states of n-PrCN. The gauche states are shown on the left and the anti states are shown on the right. The ground states and the four vibrationally excited states of the conformers discussed in (Müller et al. 2016b) are indicated by solid thick lines.
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 626 Fig.6-2. Transitions of n-PrCN that are covered in the astrophysical observation by ALMA toward Sgr B2(N2). The examples of transitions fitting are shown on the left side. The best-fit LTE synthetic spectrum of n-PrCN is displayed in red and overlaid on the observed spectrum of Sgr B2(N2) shown in black; the green synthetic spectrum contains the contributions of all molecules identified including n-PrCN. The number of lines of each state and conformer of n-PrCN detected (only those definitely detected marked with blue stars at the left side) is summarized in the right side, in which Ndet a indicates the number of detected lines and Ntrans b the number of transitions covered in the detected lines. (Müller et al. 2016b)
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 63 Fig. 6-3. Population diagram of n-PrCN toward Sgr B2(N2). The observed data points are shown in various colors (except red) as indicated in the upper right conner of panel a) while the synthetic populations are shown in red. In panel b), the optical depth correction has been applied to both the observed and synthetic populations. The purple line is a linear fit the observed populations (in linearlogarithmic space). The derived rotation temperature is 142 ± 4 K. (Müller et al. 2016b)
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 64 Fig. 6-4. Distribution of b-type transitions of g-n-PrCN occurring in some quantum 𝐾 𝑎 ′′ numbers. The red line represents the frequency range of b,o R-1, 1 transitions, green is for b,e R1, 1 transitions, and blue for b,o R1, -1; Q-branch b-type transitions are expressed in different sub branches in orange.From the diagrams, we can see the oblate pairing observed at high 𝐽 for low 𝐾 𝑎 levels, for example 𝐾 𝑎 ′′ = 6 and 8 in the first two panels and the prolate pairing more at low 𝐽 for high 𝐾 𝑎 levels, for example 𝐾 𝑎 ′′ = 8 and 12 in the last two panels. Q-branch b-type transitions, do not necessarily have increasing 𝐽 when sorted by increasing frequency.

  are shown in Fig. 6-5. A hyperfine split structure of a-type transition is shown in (a). The similar intensities of the components gave rise to the typical pattern of 1:2 in the spectrum. The prolate pairing and oblate pairing with 𝐾 𝑎 ′′ = 7 and 8 are shown in (a) (b) and (c). Prolate pairing occurred with low 𝐽 ′′ ((a) for a-type transitions and (c) for b-type transitions) while oblate pairing occurred with high 𝐽 ′′ ((b) for oblate paired quartet). The comparison of intensities of different types of transitions is shown in (d), from which R-branch transitions were far more intense than the Q-branch transitions in a narrow frequency segment; Q-branch a-type transitions could not be identified compared with the b-type transitions nearby. The refined parameters enabled good predictions of (with uncertainties less than 0.1 MHz) of R-branch a-type transitions up to 𝐽 ′′ = 91 at 𝐾 𝑎 ′′ = 30, and b R1,1 transitions up to 𝐽 ′′ = 95 at 𝐾 𝑎 ′′ = 20.
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 65 Fig. 6-5. Examples of typical lines of g-n-PrCN, the red lines represent a-type transitions and blue b-type transitions. a) hyperfine splitting of a R0,1 transitions, which showed a typical 1:2 pattern in the spectrum. The two sub-branch transitions of a,e R0,1 and a,o R0,1 are prolate paried. b) oblate pairing occurs with high 𝐽 ′′ (𝐽 ′′ = 79 compared with 𝐽 ′′ = 9 in a)). c) prolate pairing of b-type transitions with low 𝐽 ′′ . d) a comparison of different types of transitions, R-branch transitions were far more intense than Q-branch transitions in a short segment of spectrum.
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 66 Fig. 6-6. Methyl torsion causes internal rotation splits in Q-branch b-type transitions of v29 = 1 for g-n-PrCN. All examples are transitions with 𝐾 𝑎 ′′ = 5 and increasing 𝐽 ′′ . The unsplit predictions are shown in purple; the predicted hyperfine splitting of the transitions (in black) is presented for comparison with the two components of the internal rotation splitting; the hyperfine split structures here should have an intensity ratio of 2:1. The right component in d) is swallowed by the intense transition 196,13 -186,12, therefore a numerical derivative was employed to better show it.
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 68 Fig. 6-8. An example of separation of transitions from prolate pairs occurring with 𝐾 𝑎 ′′ = 8 at high frequency, of v18 = 1 for a-n-PrCN. All frequency windows of these diagrams are 8 MHz for an easy comparison. The separation of transitions from prolate pairing is increasingly obvious from a) to d).Confident assignments with 80 ≤ 𝐽 ′′ ≤ 87 were not possible because of the unresolved lines.
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 69 Fig. 6-9. Examples of blended transitions with 𝐽 ′′ = 20 at low frequencies shown in narrow frequency windows. As 𝐾 𝑎 ′′ increases from a)d), transitions are increasingly prolate paired. In c), the two sets of transitions are completely blended allowing a fit to the average frequency. In a), we can also see transitions from different states (in different colors) occurring in a narrow frequency region, which leads to difficulty in assignments.
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 6 Fig. 6-10. 𝐾 𝑎 energy level structure of v18 = 1 and v30 = 2 of a-n-PrCN. The energy is of the lower level of the e-sub branch a-type transition with 𝐽 ′′ = 24. Coriolis coupling is shown with a blue rectangle, in which the difference of neighboring 𝐾 𝑎′′ levels is less than 1 cm -1 ; purple dashed rectangle means small differences between the same 𝐾 𝑎 ′′ levels.
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 6 Fig. 6-11. Spectral extracts showing the effect of coupling parameters on predictions for 𝐾 𝑎 ′′ = 14 of v30 = 2 in a), c) and e) and for 𝐾 𝑎 ′′ = 15 of v18 = 1 in b), d) and f). The dot dash lines are predictions without coupling parameters; the dashed lines show predictions with coupling parameters from (Müller et al. 2016b) and the solid lines show predictions with additional coupling parameters determined in this work. Lines for other identified transitions are shown as well, of a-n-PrCN: • for the ground state, * for v30 = 1, △ for v30 = 2, ▲for v18 = 1 and ★ for v18 = v30 = 1; of g-n-PrCN: ☆ for the ground state, ○ for v30 = 1 and × for v29 = 1.
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 6 Fig. 6-12. Residuals showing a trend in transitions with 𝐾 𝑎 ′′ = 11 of v29 = 1 for a-n-PrCN, at 172.32 -194.40 GHz. Such transitions were removed to separate lists for the final fit.
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 6 Fig. 6-13. The decrease of intensities of transitions of vibrational states with increasing energy. a) v30 = 1; b) v18 = 1; c) v30 = 2 and d) v18 = v30 = 1. The qualities of lines are worse for the weaker lines as well.
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 2 Fig. A-2. Snapshot of the interface of SMAP.

Fig. A- 5 .

 5 Fig. A-5. An example of mismatch of predictions. We can see the intensities between the predictions and the measured peaks are different for, 171,16 -161,15 and 283,26 -282,27. If we are sure of the first assignment, we know that the second line is overlapped with a stronger transition.

Fig. A- 6 .

 6 Fig. A-6. Derivative of the spectrum: a) is the original spectrum without any derivative; b) is the spectrum after a 7 points derivative, showing removal of the baseline; c) is the spectrum after a 30 points derivative, in which some fake peaks and distortion are highlighted with black circles.
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 1 Fig. 1. Schematic depiction of the gauche (left) and anti (right) conformers of normal-propyl cyanide. The C and N atoms are represented by gray and violet "spheres", respectively, and the H atoms by small, light gray ones.

Fig. 2 .

 2 Fig. 2. Vibrational states of normal-propyl cyanide up to vibrational energies of 400 cm -1 . The gauche states are shown on the left-hand side, those of anti on the right-hand side. The ground vibrational states and the four vibrational states each of the present study are indicated by solid, thick lines, additional states by dashed, thin lines.
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 3 Fig. 3. Sections of the rotational spectrum of g-n-PrCN showing transitions with partially resolved 14 N quadrupole splitting. The upper trace shows the 7, 6-6, 6 a-type R-branch transition with a 1:2 HFS pattern, the lower trace shows the 13, 1, 12-13, 0, 13 b-type Q-branch transition with a 2:1 HFS pattern. Transitions for 30 = 0, 1, and 2 are shown from left to right in both cases; the vibrational labels are given above the two HFS components, their assignments are indicated below the 30 = 1 lines.

Fig. 4 .

 4 Fig.4. Section of the rotational spectrum of n-PrCN displaying the clustering of a-type R-branch transitions of the anti conformer with higher values of K a . Magenta asterisks indicate transitions of 30 = 1, green circles those of 18 = 1, a black circle a transition of 30 = 2, "a0" labels a ground state transition, and a "g" labels transitions of the gauche conformer.

  |ζ a | ≈ 0.82 yields ∆A ≈ -37 MHz for both states and affects several of the vibrational changes of the distortion parameters considerably. Accurate harmonic force field calculations would be required to establish the actual value of |ζ a | as well as the non-zero value of |ζ b |. Such calculations are beyond the aim of the current study.4.2.2. v 29 = 1 Durig et al. (
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 23 v 18 = 1 and v 30 = 2 Whereas Durig et al. (

Fig. 5 .

 5 Fig. 5. K a level structure of 18 = 1 and 30 = 2 of a-n-PrCN displaying the ∆K a = 1 rotational (Coriolis-type) resonance as well as the ∆K a = 0 Fermi resonance. The most strongly interacting levels are shown with colored lines and are connected by thin lines. Dashed lines indicate K a levels not accessed in the present study.

  are well-fit with these parameters too (see last two pages of Fig. A.1).
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 6 Fig. 6. Population diagram of n-propyl cyanide toward Sgr B2(N2). Only the lines that are clearly detected and do not suffer too much from contamination by other species are displayed. The observed data points are shown in various colors (except red) as indicated in the upper right corner of panel a) while the synthetic populations are shown in red. No correction is applied in panel a). In panel b), the optical depth correction has been applied to both the observed and synthetic populations and the contamination by all other species included in the full model has been removed from the observed data points. The purple line is a linear fit to the observed populations (in linear-logarithmic space). The derived rotation temperature is 142 ± 4 K.

Fig. 1 .

 1 Fig. 1. Schematic depiction of the anti (left) and the gauche (right) conformers of n-PrCN. The C and N atoms are represented by gray and violet "spheres" respectively, and the H atoms by small, light gray ones.

Fig. 2 .

 2 Fig.2. Setup diagram for the molecular absorption spectra measurements. The arrow and dot between the wire-grid polarizer and tilted window express the polarizations of the incident and outgoing radiation.

  for a-n-PrCN, µ a = 4.0 D, µ b = 0.98 D, µ c = 0 (by symmetry); for g-n-PrCN, µ a = 3.27 D, µ b = 2.14 D, µ c = 0.45 D. Most of the values are those determined by Wlodarczak et al.

Fig. 3 .

 3 Fig. 3. Spectral extracts showing the effect of coupling parameters. The dot dash lines are predictions without coupling parameters; the dashed lines show predictions with coupling parameters from (Müller et al. 2016) and the solid lines show predictions with additional coupling parameters determined in this work. Lines for other identified transitions are shown in the figures as well: • for ground state of a-n-PrCN, * for 30 = 1 of a-n-PrCN, • for 30 = 1 of g-n-PrCN, and × for 29 = 1 of g-n-PrCN.

  

  

  

  

  

  

  

  

  𝑚 𝑁 𝛼 is the mass of the α-th nucleus; 𝑍 𝛼 𝑒 is the charge of the α-th nucleus; 𝑹 𝜶 , 𝒓 𝒋 are the coordinates of the α-th nucleus and j-th electron, ∑ 𝛼 is the sum of all the nuclei, and ∑ 𝑗 is the sum of all the electrons.

	𝐻 ̂= 𝑇 𝑁 ̂+ 𝑇 𝑒 ̂+ 𝑉 𝑁𝑁 ̂+ 𝑉 𝑁𝑒 ̂+ 𝑉 𝑒𝑒 ̂+ ⋯ = -∑	𝛼	ℎ 2 8𝜋 2 𝑚 𝑁 𝛼	𝛻 𝛼 2	-∑	𝑗	ℎ 2 8𝜋 2 𝑚 𝑒	𝛻 𝑗 2 + ∑	𝛼>𝛽	𝑍 𝛽 𝑍 𝛽 𝑒 2 |𝑹 𝜶 -𝑹 𝜷 |	-
	∑ ∑ 𝛼	𝑗	𝑍 𝛼 𝑒 2 |𝑹 𝜶 -𝒓 𝒋 |	+ ∑	𝑗>𝑘	𝑒 2 |𝒓 𝒋 -𝒓 𝒌 |	+ ⋯					(3.1)
	Among which, 𝑇 𝑁 ̂ is the kinetic energy of the nuclei; 𝑇 𝑒 ̂ is the kinetic energy of the electrons;
	the potential energy between nuclei and nuclei, nuclei and electrons, electrons and electrons are
	expressed as 𝑉 𝑁𝑁 ̂, 𝑉 𝑁𝑒 ̂, and 𝑉 𝑒𝑒 ̂, respectively. In this equation, some coupling energy terms (the
	sixth and seventh terms in the total energy list, causing fine and hyperfine structures) are
	omitted. In the expression (3.1), ℎ is Planck constant, The Schrodinger equation (all Schrodinger equations in this thesis are time independent) of the
	molecule can be expressed as				
	𝐻 ̂𝛹 = 𝐸𝛹									(3.2)

  potential surfaces defined as the energy of the electronic levels, are expressed by 𝐸 𝑒 . The total energy of the molecule, 𝐸 in (3.8) which includes equivalent potential energy of the molecule and the kinetic energy of the nuclei relative to the molecular center of mass, can be solved after the electronic energy 𝐸 𝑒𝑙 (𝑹) obtained by(3.7). Subtracting 𝐸 𝑒 , the rest of 𝐸 represents the kinetic energy of the nuclei, including the vibrational energy 𝐸 𝑣𝑖𝑏 and rotational energy 𝐸 𝑟𝑜𝑡 . At this point, the total energy of a molecule in a stable state at some configuration of its nuclei can be understood as its electronic energy 𝐸 𝑒 together with the kinetic energy of its nuclei 𝐸 𝑣𝑖𝑏 and 𝐸 𝑟𝑜𝑡 .

	first term in (3.4) can be simplified as -∑	𝛼	ℎ 2 8𝜋 2 𝑚 𝑁𝛼	𝛹 𝑒 (𝒓, 𝑹)∇ 𝛼 2 𝛹 𝑁 (𝑹). Similarly, because
	𝛹 𝑁 (𝑹) is independent of the coordinates of electrons, the second term in (3.4) is -∑ ℎ 2 8𝜋 2 𝑚 𝑒 𝛹 𝑁 (𝑹)∇ 𝑗 2 𝛹 𝑒 (𝒓, 𝑹) 𝑗 . Therefore, sorting (3.4) we can get,
	Under the BO approximation, the wave function of the whole molecule can be expressed as the product of wave functions of nuclei 𝛹 𝑁 (𝑹) and electrons 𝛹 𝑒 (𝒓, 𝑹) respectively, as (3.3) 𝛹(𝒓, 𝑹) = 𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹) (3.3) Because the wave function of electrons has a relation with the configuration of the nuclei, the instantaneous coordinates of the nuclei, 𝑹 are expressed as a parameter of 𝛹 𝑒 . Substituting (3.3) into (3.2), we can get 𝐻 ̂(𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) = 𝐸(𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)), in which 𝐻 ̂ can be expanded as (3.1), and then this equation is expressed as -∑ ℎ 2 8𝜋 2 𝑚 𝑁𝛼 𝛻 𝛼 2 𝛼 (𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) -∑ ℎ 2 8𝜋 2 𝑚 𝑒 𝛻 𝑗 2 𝑗 (𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) + (𝑉 𝑁𝑁 ̂+ 𝑉 𝑁𝑒 ̂+ 𝑉 𝑒𝑒 ̂)(𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) = 𝐸(𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) (3.4) 𝛹 𝑒 (-∑ ℎ 2 8𝜋 2 𝑚 𝑁𝛼 𝛻 𝛼 2 𝛼 𝛹 𝑁 ) + 𝛹 𝑒 𝑉 𝑁𝑁 ̂𝛹𝑁 + [(-∑ ℎ 2 8𝜋 2 𝑚 𝑒 𝛻 𝑗 2 𝑗 + 𝑉 𝑁𝑒 ̂+ 𝑉 𝑒𝑒 ̂) 𝛹 𝑒 ] 𝛹 𝑁 = 𝐸𝛹 𝑁 𝛹 𝑒 (3.5) In (3.5), the third term on the left side of the equation can be treated first. Among it, (-∑ ℎ 2 8𝜋 2 𝑚 𝑒 ∇ 𝑗 2 𝑗 + 𝑉 𝑁𝑒 ̂+ 𝑉 𝑒𝑒 ̂) 𝛹 𝑒 can be considered as the sum of the kinetic energy and potential of the electrons, in the certain configuration of the nuclei. Therefore, we can define a new Hamiltonian, 𝐻 𝑒 ̂ which is expressed as 𝐻 𝑒 ̂= -∑ ℎ 2 8𝜋 2 𝑚 𝑒 ∇ 𝑗 2 𝑗 + 𝑉 𝑁𝑒 ̂+ 𝑉 𝑒𝑒 ̂, and considering that it satisfies the equation: 𝐻 𝑒 ̂𝛹𝑒 (𝒓, 𝑹) = 𝐸 𝑒𝑙 (𝑹)𝛹 𝑒 (𝒓, 𝑹) (3.6) Substituting 𝐻 𝑒 ̂𝛹𝑒 into (3.6), we can get [-∑ ℎ 2 8𝜋 2 𝑚 𝑒 𝛻 𝑗 2 𝑗 + 𝑉 𝑁𝑒 (𝒓, 𝑹) + 𝑉 𝑒𝑒 (𝒓, 𝑹)] 𝛹 𝑒 (𝒓, 𝑹) = 𝐸 𝑒𝑙 (𝑹)𝛹 𝑒 (𝒓, 𝑹) (3.7) Substituting (3.6) back into (3.5), we have 𝛹 𝑒 (-∑ ℎ 2 8𝜋 2 𝑚 𝑁𝛼 ∇ 𝛼 2 𝛼 𝛹 𝑁 ) + 𝛹 𝑒 𝑉 𝑁𝑁 ̂𝛹𝑁 + 𝛹 𝑒 𝐸 𝑒𝑙 𝛹 𝑁 = 𝐸𝛹 𝑁 𝛹 𝑒 , in which, 𝛹 𝑒 ≠ 0 . So the equation can be expressed as [-∑ ℎ 2 8𝜋 2 𝑚 𝑁𝛼 𝛻 𝛼 2 𝛼 + 𝑉 𝑁𝑁 (𝑹) + 𝐸 𝑒𝑙 (𝑹)] 𝛹 𝑁 (𝑹) = 𝐸𝛹 𝑁 (𝑹) (3.8) Hence, we have divided the complex equation (3.4) into two related equations: (3.7) and (3.8). In (3.7), the wave function of 𝛹 𝑒 (𝒓 𝟏 , 𝒓 𝟐 , … 𝒓 𝒏 , 𝑹) represents the movement of electrons, and 𝐸 𝑒𝑙 (𝑹) is the energy of the system of electrons, which includes the kinetic energy of electrons, mutual potential energy of electrons, and potential energy between electrons and the nuclei. 𝐸 𝑒𝑙 (𝑹) is dependent on the geometry structure of the nuclei, because the different 𝑹 leads to a different Coulomb field thus different states and energies. For equation (3.8), the energy of electrons 𝐸 𝑒𝑙 (𝑹) and the potential energy between nuclei 𝑉 𝑁𝑁 (𝑹) act as the molecular equivalent potential energy. The instantaneous position of each nucleus determines the molecular potential, therefore multi variables describing the configuration of the molecule lead to a potential surface expressed by 𝐸 𝑒𝑙 (𝑹) + 𝑉 𝑁𝑁 (𝑹). These potential surfaces of a molecule are discrete and correspond to different electronic levels. As discussed above, the minimum example, it can be expanded as {(-ℎ 2 8𝜋 2 𝑚 𝑁1 𝛻 1 2 -ℎ 2 8𝜋 2 𝑚 𝑁2 𝛻 2 2 ) + [𝐸 𝑒𝑙 (𝑹 𝟏 , 𝑹 𝟐 ) + 𝑍 1 𝑍 2 𝑒 2 |𝑹 𝟏 -𝑹 𝟐 | ]} 𝛹 𝑁 (𝑹 𝟏 , 𝑹 𝟐 ) = 𝐸𝛹 𝑁 (𝑹 𝟏 , 𝑹 𝟐 ) (3.9) To simplify the expression (3.9), the position coordinates of the molecular center of mass 𝑹 and the relative coordinates of the nuclei 𝒓 𝒓 are introduced. 𝑹 and 𝒓 𝒓 are expressed as 𝑹 = 𝑚 𝑁1 𝑹 𝟏 +𝑚 𝑁2 𝑹 𝟐 𝑚 𝑁1 +𝑚 𝑁2 , 𝒓 𝒓 = 𝑹 𝟏 -𝑹 𝟐 . Therefore, the kinetic energy can be transformed as 1 𝑚 𝑁1 ∇ 1 2 + 1 𝑚 𝑁2 ∇ 2 2 = 1 𝑚 𝑁 ∇ 𝑹 2 + 1 𝜇 ∇ 𝒓 𝒓 2 , with 𝑚 𝑁 = 𝑚 𝑁1 + 𝑚 𝑁2 , 𝜇 = 𝑚 𝑁1 𝑚 𝑁2 𝑚 𝑁1 +𝑚 𝑁2 , ∇ 𝑹 2 and ∇ 𝒓 𝒓 2 are the second-order partial differential of the coordinates of the molecular center of mass and relative coordinates of its nuclei. In 𝐸 𝑒𝑙 (𝑹 𝟏 , 𝑹 𝟐 ), the energy of the electrons only depends on the distance between the nuclei in a diatomic molecule system, so it can also be expressed as 𝐸 𝑒𝑙 (|𝑹 𝟏 -𝑹 𝟐 |) and together with following term (potential between the nuclei, 𝑍 1 𝑍 2 𝑒 2 |𝑹 𝟏 -𝑹 𝟐 | ) is expressed as 𝑉 𝑒𝑓𝑓 (|𝒓 𝒓 |). Then substituting the expression into (3.9), we get [-ℎ 2 8𝜋 2 𝑚 𝑁 𝛻 𝑹 2 -ℎ 2 8𝜋 2 𝜇 𝛻 𝒓 𝒓 2 + 𝑉 𝑒𝑓𝑓 (|𝒓 𝒓 |)]𝛹 𝑁 = 𝐸𝛹 𝑁 . (3.10) In this expression, the variables 𝑹 and 𝒓 𝒓 can be separated as 𝛹 𝑁 = 𝛹 𝑐 ′ (𝑹)𝛹 𝑁 ′ (𝒓 𝒓 ), thus (3.10) can be -ℎ 2 8𝜋 2 𝑚 𝑁 𝛻 𝑹 2 𝛹 𝑐 ′ (𝑹) = 𝐸 𝑐 𝛹 𝑐 ′ (𝑹) (3.11) (-ℎ 2 8𝜋 2 𝜇 𝛻 𝒓 𝒓 2 + 𝑉 𝑒𝑓𝑓 (|𝒓 𝒓 |)) 𝛹 𝑁 ′ (𝒓 𝒓 ) = (𝐸 -𝐸 𝑐 )𝛹 𝑁 ′ (𝒓 𝒓 ) (3.12) (3.11) describes the movement of the molecular center of mass (translational motion as usually values of these (3.8) is the Schrodinger equation of the molecular nuclei; if we take a diatomic molecule as referred)
	Among which, ∇ 𝛼 2 (𝛹 𝑁 (𝑹) • 𝛹 𝑒 (𝒓, 𝑹)) can be expanded as ∇ 𝛼 2 (𝛹 𝑁 • 𝛹 𝑒 ) = 𝛹 𝑁 ∇ 𝛼 2 𝛹 𝑒 +
	2∇ 𝛼 𝛹 𝑁 ∇ 𝛼 𝛹 𝑒 + 𝛹 𝑒 ∇ 𝛼 2 𝛹 𝑁 . In the BO approximation, ∇ 𝛼 𝛹 𝑒 and ∇ 𝛼 2 𝛹 𝑒 can be omitted; thus, the

  Symmetric rotors, or symmetric-top molecules have two equal principal moments of inertia, and the third is non-zero. According to the magnitude of the moments of inertia, symmetricrotor molecules can be classified as: prolate tops (𝐼 𝑐 = 𝐼 𝑏 > 𝐼 𝑎 ), oblate tops (𝐼 𝑐 > 𝐼 𝑏 = 𝐼 𝑎 ), or spherical tops (𝐼 𝑎 = 𝐼 𝑏 = 𝐼 𝑐 ). 𝐼 𝑏 > 𝐼 𝑎 , so 𝐴 is larger than 𝐵. 𝐼 𝑐 > 𝐼 𝑏 , hence, the sign of (𝐶 -𝐵) is minus. In the diagram of the rotational energy levels for oblate-top molecules, at each |𝑘 𝑜 | number, the energy of a given 𝐽 number gets lower as |𝑘 𝑜 | increases, which is different to prolate-top molecules. Because of the similar treatment to prolate-top molecules and oblate-top molecules, we use 𝐾 instead of 𝑘 𝑝 and 𝑘 𝑜 for both.

	3.3.2 Symmetric rotors
	The Hamiltonian of spherical tops is 𝐻 ̂= 1 2𝐼 𝑏	(𝑙 ̂𝑎 2 + 𝑙 ̂𝑏 2 + 𝑙 ̂𝑐 2 ) =	4𝜋 2 𝐵 ℎ	𝐿 ̂2 and the eigenvalue of the
	rotational energy is 𝐸 𝑟𝑜𝑡 = ℎ𝐵𝐽(𝐽 + 1) with the same expression as linear rotors.
	The intuitive macroscopic object of a prolate top is a rugby ball, whose inertia ellipsoid is
	𝑟𝑜𝑡 = prolate. The Hamiltonian of prolate tops is 𝐻 1 2 (𝐼 𝑎 𝜔 𝑎 2 + 𝐼 𝑏 𝜔 𝑏 2 ) = 1 2 ( 𝐿 𝑎 2 𝐼 𝑎 + 𝐿 𝑏 ̂= 1 2 4𝜋 2 ℎ [(𝐴 -𝐵)𝑙 ̂𝑎 2 + 𝐵𝐿 ̂2], where 𝐴 = ℎ 8𝜋 2 𝐼 𝑎 . As for prolate tops, Then, the eigenvalue of the rotational energy of a prolate top is [ 𝑙 ̂𝑎 2 𝐼 𝑎 + (𝑙 ̂𝑏 2 +𝑙 ̂𝑐 2 ) 𝐼 𝑏 2 𝐼 𝑏 ) , with 𝜔 𝑎 , 𝜔 𝑏 the components of the angular velocity ] = 4𝜋 2 ℎ [𝐴𝑙 ̂𝑎 2 + 𝐵𝑙 ̂𝑏 2 + 𝐵𝑙 ̂𝑐 2 ] = around the principal axes, and 𝐿 𝑎 2 the corresponding angular momenta. The energy in 𝐸 𝑟𝑜𝑡 = ℎ𝐵𝐽(𝐽 + 1) + ℎ(𝐴 -𝐵)𝑘 𝑝 2 . (3.20) 2 , 𝐿 𝑏 quantum mechanics is the eigenvalue of its Hamiltonian 𝐻 ̂= 1 2 ( 𝑙 ̂𝑎 2 𝐼 𝑎 + 𝑙 ̂𝑏 2 ), where 𝑙 ̂𝑎 2 and 𝑙 ̂𝑏 2 have In (3.20), 𝑘 𝑝 is a quantum number representing the projection of rotational angular momentum 𝐼 𝑏 on the a axis. The value of 𝑘 𝑝 is 0, ±1, ±2, … , ±𝐽. From the comparison of (3.18) and (3.20), the same meaning as in the last section. In linear molecules, 𝐼 𝑎 = 𝐼 𝑏 = 𝐼 , leads to 𝐻 ̂= 1 2𝐼 the eigenvalue of rotational energy of prolate-top molecules has one more term than linear (𝑙 ̂𝑎 2 + 𝑙 ̂b 2 ). molecules, ℎ(𝐴 -𝐵)𝑘 𝑝 2 , and because (𝐴 -𝐵) is greater than zero, there exist 𝐽 + 1 different
	energy levels in each 𝐽 number, and the energy of these levels increases as |𝑘 𝑝 | gets larger (as As we discussed in section 3.2, the rotational energy 𝐸 𝑟𝑜𝑡 in the expression (3.16) can be expressed as shown on the left side of the diagram in Fig. 3-4).
	-For rotational transitions between different levels of a prolate-top molecule, the selection rule ℎ 2 8𝜋 2 𝐼 [ 1 𝑠𝑖𝑛𝜃 𝜕 𝜕𝜃 (𝑠𝑖𝑛𝜃 𝜕 𝜕𝜃 ) + 1 𝑠𝑖𝑛 2 𝜃 𝜕 2 𝜕𝜑 2 ] 𝑌(𝜃, 𝜑) = 𝐸 𝑟𝑜𝑡 𝑌(𝜃, 𝜑) (3.17) is ∆𝐽 = 0, ±1, and ∆𝑘 𝑝 = 0. Generally, we sort the energy levels of prolate tops according to
	|𝑘 𝑝 | number, and then at each |𝑘 𝑝 | , the values of 𝐽 equal |𝑘 𝑝 |, |𝑘 𝑝 | + 1, |𝑘 𝑝 | + 2 …. At each in which the variables of 𝑌(𝜃, 𝜑) can be separated; to obtain the single-valued and normalized |𝑘 𝑝 |, the energy of transitions have the same expression as linear molecules or spherical tops solutions of 𝑌(𝜃, 𝜑), the eigenvalues of 𝐸 𝑟𝑜𝑡 should be as in the expression (3.19). Another sorting method more used in symmetric tops is sorting 𝐾
	𝐸 𝑟𝑜𝑡 = numbers within a certain 𝐽 → 𝐽 + 1, called 𝐾-ladder transitions or 𝐾-ladder spectrum. Because ℎ 2 8𝜋 2 𝐼 𝐽(𝐽 + 1) (joules) (3.18) the frequency difference between 𝐾 and 𝐾 + 1 is small, it makes symmetric tops good
	observational probes as several transitions with increasing 𝐾 can be observed in one frequency
	with 𝐽 = 0, 1, 2 … the rotational quantum numbers giving the angular momentum. setting, thus avoiding flux calibration uncertainties (for example, 𝐾 = 0, 1 components of
	𝐾-ladder spectrum of CH3C5N shown in Fig. 3-3).
	Rotational quantum numbers make the rotational energy discrete. The allowed transitions of a
	rigid molecule in these discrete levels must obey simple selection rules of ∆𝐽 = 𝐽 ′ -𝐽 = ±1. In other words, only the probability of transitions between neighboring levels is non-zero. Substituting 𝐽 ′ = 𝐽 + 1 into (3.18), we get ∆𝐸 𝑟𝑜𝑡 = ℎ 2 4𝜋 2 𝐼 (𝐽 + 1) . In spectroscopy, we generally consider the frequency of a transition, For oblate-top molecules, similarly, the Hamiltonian is 𝐻 ̂= 1 2 [ (𝑙 ̂𝑎 2 +𝑙 ̂𝑏 2 ) 𝐼 𝑏 + 𝑙 ̂𝑐 2 ] = 4𝜋 2 ℎ [𝐵𝑙 ̂𝑎 2 + 𝐵𝑙 ̂𝑏 2 + 𝐼 𝑐 𝐶𝑙 ̂𝑐 2 ] = 4𝜋 2 [𝐵𝐿 ̂2 + (𝐶 -𝐵)𝑙 ̂𝑐 2 ] , and the eigenvalue of its rotational energy is ℎ 𝐸 𝑟𝑜𝑡 = ℎ𝐵𝐽(𝐽 + 1) + ℎ(𝐶 -𝐵)𝑘 𝑜 2 , 𝑘 𝑜 = 0, ±1, ±2, … , ±𝐽 . While, for oblate tops,
	𝜈 =	∆𝐸 𝑟𝑜𝑡 ℎ	=	ℎ 4𝜋 2 𝐼	(𝐽 + 1) = 2𝐵(𝐽 + 1)	(3.19)
	where 𝐵 =	ℎ 8𝜋 2 𝐼	is called the rotational constant. Units of MHz will be used in my thesis.

Table 4 -

 4 1. Base 10 logarithm of the integrated intensities of transitions with increasing 𝐽 numbers for both conformers.

Table 5 -

 5 1. Molecular parameters for the ground vibrational states of n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of

  . Some simple vibrationally excited molecules that have been detected in the ISM include: CS(in IRC+10216, Turner 1987b), SiS (in IRC+10216, Turner 1987a), C4H (in IRC+10216, Gué lin et al. 1987; Yamamoto et al. 1987), NH3 (Orion KL, Mauersberger et al. 1988; Schilke et al., 1992); O-bearing organic molecules include CH3OH (in Orion A,Lovas et al. 1982; Hollis et al. 1983), acetone [(CH3)2CO] (in Orion KL,Friedel et al. 2005), methyl formate [HCOCH3] (in Orion KL,Kobayashi et al. 2007 and W51 e2, Demyk et al. 2008); N-bearing organic molecules include formamide [HCONH2] (in Orion KL,Motiyenko et al. 2012), and alkyl cyanides. IRC+10216 (or CW Leonis) is a well-studied mass-losing carbon star that is embedded in a thick dust envelope. The other objects are star-forming regions.

Table 6 -

 6 

		g-n-PrCN			a-n-PrCN	
	vibrational state	vibrational modes	energy (cm -1 )	vibrational state	vibrational modes	energy (cm -1 )
	v30 = 1	C2H5 torsion	116	v30 = 1	C2H5 torsion	101
	v30 = 2	C2H5 torsion	232	v30 = 2	C2H5 torsion	202
		CCN bend,				
	v29 = 1	CCC bend, and CH3	162	v18 = 1	CCN bend and CCC bend	164
		torsion				
	v28 = 1	CH3 torsion, CCN bend	276	v29 = 1	CH3 torsion	254

1. Information about vibrationally excited states of n-PrCN. The vibrational modes are taken from

(Crowder 1987; Durig et al. 2001

) and the energies listed are unscaled calculated values from

(Durig et al. 2001

).

Table 6 - 2 .

 62 Different transitions assigned in

Table 6 -3.
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	6.3.1 v30 = 1 and 2 of g-n-PrCN			
	Parameters (MHz)	v30 = 1 ∆X, Müller et al. (2016)	v30 = 1 ∆X, this work	v30 = 2 ∆∆X, Müller et al. (2016)	v30 = 2 ∆∆X, this work
	𝐴	58.6419(3)	58.6429(2)	3.7323(5)	3.7305 (3)
	𝐵	-7.93829(5)	-7.93825(3)	-0.60351(11) -0.60369(6)
	𝐶	-5.17390(5)	-5.17388(3)	-0.15973(11) -0.15997(5)
	𝐷 𝐾 × 10 3	5.005(4)	4.9987(8)	0.782(5)	0.775(2)
	𝐷 𝐽𝐾 × 10 3	-0.6567(3)	-0.6552(2)	-0.1385(3)	-0.1385(3)
	𝐷 𝐽 × 10 6	7.76(4)	7.562(12)	6.36(8)	5.95(2)
	𝑑 1 × 10 6	-8.029(10)	-8.065(5)	-2.455(22)	-2.515(8)
	𝑑 2 × 10 6	-3.605(3)	-3.600(2)	-0.280(7)	-0.252(5)
	𝐻 𝐾 × 10 6	0.476(21)	0.3743(13)	-	0.091(3)
	𝐻 𝐾𝐽 × 10 9	-109.5(10)	-99.2(4)	-	-20.52(48)
	𝐻 𝐽𝐾 × 10 9	5.52(8)	5.46(6)	-	1.548(49)
	𝐻 𝐽 × 10 9	-	-0.0729(2)	-	-0.2193(17)
	ℎ 1 × 10 9	-0.148(3)	-0.1058(12)	-0.159(5)	-0.1184(10)
	ℎ 2 × 10 12	-	-21.98(31)		-26.26(67)
	ℎ 3 × 10 12	5.0(5)	13.50(13)		1.15(30)
	𝐿 𝐾𝐾𝐽 × 10 12		-		
	𝐿 𝐽𝐾 × 10 12		-1.015(98)		
	𝐿 𝐽𝐽𝐾 × 10 15		20.4(50)		
	𝐿 𝐽 × 10 15		-5.299(171)		
	𝑙 1 × 10 15		-2.687(98)		
	𝜒 𝑎𝑎	-0.061(10)	-0.064(10)		
	𝑊𝑅𝑀𝑆	0.86	1.03		
	Highest Frequency	126597	500128	126475	500060
	Max 𝐽 ′′	65	92	63	87
	Max 𝐾 𝑎 ′′	20	25	19	22
	Transitions	906	3538	739	2776

Table 6 -4.

 6 transitions with 𝐽 ′′ up to 121 at 𝐾 𝑎 ′′ = 10, but less than 77 at 𝐾 𝑎 ′′ between 11 and 35. For b-type transitions, the largest 𝐾 𝑎 ′′ is 14.

	Parameters (MHz)	v29 = 1 ∆X, Müller et al. (2016)	v29 = 1 ∆X, this work
	𝐴	23.7237(5)	23.7238(2)
	𝐵	2.49394(13)	2.49329(5)
	𝐶	0.43186(12)	0.43322(3)
	𝐷 𝐾 × 10 3	-0.829(4)	-0.8467(11)
	𝐷 𝐽𝐾 × 10 3	0.1557(8)	0.15941(13)
	𝐷 𝐽 × 10 6	-20.64(22)	-20.188(10)
	𝑑 1 × 10 6	1.804(33)	2.589(7)
	𝑑 2 × 10 6	-1.244(18)	-0.984(5)
	𝐻 𝐾 × 10 6	-	-0.0773(19)
	𝐻 𝐾𝐽 × 10 9	42.8(41) a	41.48(15)
	𝐻 𝐽𝐾 × 10 9	-6.26(27)	-2.35(2)
	𝐻 𝐽 × 10 9	-0.524(95)	-0.2729(10)
	ℎ 1 × 10 12	-	-103.7(8)
	ℎ 2 × 10 12	180.0(15)	-2.05(59)
	ℎ 3 × 10 12	48.1(64)	1.305(198)
	𝑊𝑅𝑀𝑆	0.93	0.98
	Highest Frequency	126723	499625
	Max 𝐽 ′′	52	90
	Max 𝐾 𝑎 ′′	19	32
	Transitions	706	2856 b

Table 6 -5. Changes
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of molecular parameters for the v28 = 1 vibrational state of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit of

Table 6 -6.
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Table 6

 6 -7. We discuss v30 = 1 first. Most transitions measured were a-type (516 out of 540 inMüller et al. 2016; 1134 new transitions out of 1259 in this work) because of the more symmetric geometry of the anti conformer. New measurements between 171 -251 GHz could be smoothly fit for all a-type transitions with 𝐾 𝑎 ′′ up to 19, by adding ∆𝐻 𝐽𝐾 . For 𝐾 𝑎 ′′ = 20, transitions with 𝐽 ′′
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	Parameters (MHz)	v30 = 1 ∆X, Müller et al. (2016)	v30 = 1 ∆X, this work	v30 = 2 ∆∆X, Müller et al. (2016)	v30 = 2 ∆∆X, this work	v18 = 1 ∆X, Müller et al. (2016)	v18 = 1 ∆X, this work
	𝐴	-810.855(12) -810.902(2) 93.495(77) 91.367(64) 738.035(75) 740.532(66)
	𝐵	1.45197(7)	1.45206(2) 0.16373(12) 0.16412(8) 5.15811(20) 5.15775(9)
	𝐶	5.00571(6)	5.00591(2) 0.15867(29) 0.15676(21) 1.97584(33) 1.97789(24)
	𝐷 𝐾 × 10 3 𝐷 𝐽𝐾 × 10 3	-263.6(80) 0.4968(5)	-347.18(13) 0.4936(3)	-0.1380(12)	146.83(164) 0.1430(8)	--0.3546(11) -0.3497(11) 334.05(244)
	𝐷 𝐽 × 10 6	7.944(31)	8.115(4)	-	-0.381(10)	-1.799(79)	-2.251(8)
	𝑑 1 × 10 6	1.4546(294)	1.5523(7)	-	-0.1897(23) -1.144(87)	-1.084(7)
	𝑑 2 × 10 6 𝐻 𝐾𝐽 × 10 9	2.4163(244) 63.5(14)	2.6451(9) 50.1(7)	-17 a	-0.5441(32) -1.760(52) 158.1(43)	-2.152(7) -59.5(79)
	𝐻 𝐽𝐾 × 10 9		-1.030(14)		0.171(60)		1.261(49)
	𝐻 𝐽 × 10 9		0.0169(2)		-0.0073(5)	-0.0149(3)
	ℎ 1 × 10 12		-				-6.5(4)
	ℎ 2 × 10 12 ℎ 3 × 10 12 𝐿 𝐾𝐾𝐽 × 10 12		-8.916(83) -6.812(48)			7.45(34) 5.746(196) -232.1(227)
				Coupling between v18 = 1 and v30 = 2
				Müller et al. (2016)	this work
		E(30 2 -18) × 10 -3		1017.98(61)	1002.18(15)
		F(18, 30 2 ) × 10 -3		36.48(44)	32.11(39)
		FK(18, 30 2 )		-		43.38(62)
		Gc(18, 30 2 )		129.32(16)	127.57(5)
		GcJ(18, 30 2 ) × 10 3		-		-1.088(8)
		𝑊𝑅𝑀𝑆		0.79	0.99	
	Highest Frequency	126379	499055	126637	500496	126283	500106
	b Max 𝐽 ′′	28	114	28	113	28	112
	b Max 𝐾 𝑎 ′′	24	19	20	19	20	20
	Transitions	540	1799	575	1436	514	1246

Table 6 -

 6 8. The comparison between fits with and without b-type transitions of v30 = 1 for a-n-PrCN.

Table 6 -9.

 6 

Table 6 -10.

 6 

Table 1 .

 1 Rotational partition function Q rot and vibrational correction factors F vib to the rotational partition function values of n-propyl cyanide at selected temperatures T .

	T	Q rot	F vib
	(K)		
	300.0	254 102.1111 9.9477
	225.0	162 159.7064 4.4642
	180.0	114 139.6161 2.8253
	150.0	85 494.8293 2.1160
	120.0	59 864.2360 1.6192
	75.0	27 985.6804 1.1684
	37.5	8997.8511 1.0129
	18.75	2968.9170 1.0001
	9.375	1032.0718 1.0000

Table 2 .

 2 Spectroscopic parameters X (MHz) of gauche-n-propyl cyanide and first (∆X) and second (∆∆X) changes of low-lying vibrational states.
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Table 4 .

 4 Number of lines of n-propyl cyanide detected toward Sgr B2(N2). Notes. (a) Number of detected lines (conservative estimate, see Sect. 3 of Belloche et al. 2016). One line of a given state may mean a group of transitions of that state that are blended together. (b) Number of transitions covered by the detected lines.

	State	N det	a	N trans	b
	a+g = 0	116	199
	g 30 = 1	12	16
	a 30 = 1		9	33
	g 29 = 1		6		8
	a 18 = 1		3		7
	g 30 = 2		4		4
	a 30 = 2		3		6
	g 28 = 1		1		2
	a 29 = 1		1		4

Table 1 .

 1 The lowest fundamental vibrational states of n-PrCN.

	g/a	Description	g-n-PrCN		a-n-PrCN	
			Frequency (cm -1 ) Equivalent T (K) Frequency (cm -1 ) Equivalent T (K)
	30/30	asymmetric torsion	116	167	101	203
	29/18	C-*C-C bend	179	258	163	293
	28/29	CH 3 torsion	262	377	241	405

Table 2 .

 2 Article number, page 4 of 14 D. Liu et al.: Frequencies of the low lying vibrational states of n-propyl cyanide up to 506 GHz Molecular parameters for the ground vibrational states of n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit ofBelloche et al. (2009).

		g-n-PrCN	a-n-PrCN
	Parameters (MHz)	(Belloche et al. 2009)	This work	(Belloche et al. 2009)	This work
	A	10060.41649(108)	10060.41587(11)	23668.31931(143)	23668.31883(44)
	B	3267.662408(301)	3267.662256(28)	2268.146892(147)	2268.146732(27)
	C	2705.459572(290)	2705.459402(24)	2152.963946(168)	2152.963902(27)
	D K × 10 3	60.235(6)	60.2384(5)	240.653(29)	240.571(14)
	D JK × 10 3	-18.26470(117)	-18.26546(9)	-10.82631(92)	-10.82269(21)
	D J × 10 6	3195.064(207)	3194.979(15)	398.674(69)	398.722(8)
	d 1 × 10 6	-1037.470(55)	-1037.503(5)	-46.637(42)	-46.5923(23)
	d 2 × 10 6	-77.1864(183)	-77.1647(16)	-0.5901(59)	-0.5889(17)
	H K × 10 6	1.806(18)	1.8411(9)	2.5 a	2.5 a
	H K J × 10 9	-517.3(35)	-518.81(18)	372.4(24)	422.1(8)
	H JK × 10 9	9.92(68)	9.804(27)	-20.67(20)	-21.600(25)
	H J × 10 9	4.486(56)	4.4445(33)	0.353(11)	0.3743(9)
	h 1 × 10 9	2.505(29)	2.5205(16)	0.117(14)	0.09830(15)
	h 2 × 10 12	524.6(135)	518.38(26)		1.83(12)
	h 3 × 10 12	111.3(31)	109.02(10)		
	L KK J × 10 12	30.6(31)	32.47(20)		-72.7(8)
	L JK × 10 12	-4.11(78)	-4.209(18)		
	L JJK × 10 15		118.40(308)		35.55(131)
	L J × 10 15		-2.273(246)		-0.513(34)
	l 1 × 10 15		-2.013(134)		
	P KKK J × 10 15		-0.807(60)		
	χ aa		-1.683 b		-3.440 b
	χ bb		-0.252 b		1.385 b
	χ cc		1.935 b		2.055 b
	WRMS	0.66	0.98	0.75	0.97
	Highest Frequency	282073	499969	283196	499936
	Max J	47	91	63	115
	Max K a	34	45	23	29
	Transitions	215	3505	207	2199

Table 3 .

 3 Article number, page 6 of 14 D. Liu et al.: Frequencies of the low lying vibrational states of n-propyl cyanide up to 506 GHz Changes of molecular parameters for the 30 = 1 and 2 vibrational states of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit ofMüller et al. (2016).

	Parameters	30 = 1	30 = 1	30 = 2	30 = 2
	(MHz)	∆X, (Müller et al. 2016)	∆X, this work	∆∆X, (Müller et al. 2016)	∆∆X, this work
	A	58.6419(3)	58.6429(2)	3.7323(5)	3.7305(3)
	B	-7.93829(5)	-7.93825(3)	-0.60351(11)	-0.60369(6)
	C	-5.17390(5)	-5.17388(3)	-0.15973(11)	-0.15997(5)
	D K × 10 3	5.005(4)	4.9987(8)	0.782(5)	0.775(2)
	D JK × 10 3	-0.6567(3)	-0.6552(2)	-0.1385(3)	-0.1386(3)
	D J × 10 6	7.76(4)	7.562(12)	6.36(8)	5.95(2)
	d 1 × 10 6	-8.029(10)	-8.065(5)	-2.455(22)	-2.515(8)
	d 2 × 10 6	-3.605(3)	-3.600(2)	-0.280(7)	-0.252(5)
	H K × 10 6	0.476(21)	0.3743(13)		0.091(3)
	H K J × 10 9	-109.5(10)	-99.2(4)		-20.52(48)
	H JK × 10 9	5.52(8)	5.47(6)		1.548(49)
	H J × 10 9		-0.0729(23)		-0.2193(17)
	h 1 × 10 9	-0.148(3)	-0.1058(12)	-0.159(5)	-0.1184(10)
	h 2 × 10 12		-21.98(31)		-26.26(67)
	h 3 × 10 12	5.0(5)	13.50(13)		1.15(30)
	L JK × 10 12		-1.015(98)		
	L JJK × 10 15		20.4(50)		
	L J × 10 15		-5.299(171)		
	l 1 × 10 15		-2.686(98)		
	χ aa	-0.061(10)	-0.064(10)		
	WRMS	0.86	1.03		
	Highest Frequency	126597	500128	126475	500060
	Max J	65	92	63	87
	Max K a	20	25	19	22
	Transitions	906	3538	739	2776

Table 4 .

 4 Changes of molecular parameters for the 29 = 1 vibrational states of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit ofMüller et al. (2016).

	Parameters	29 = 1	29 = 1
	(MHz)	∆X, (Müller et al. 2016)	∆X, this work
	A	23.7237(5)	23.7238(2)
	B	2.49394(13)	2.49329(5)
	C	0.43186(12)	0.43322(3)
	D K × 10 3	-0.829(4)	-0.8467(11)
	D JK × 10 3	0.1557(8)	0.15941(13)
	D J × 10 6	-20.64(22)	-20.188(10)
	d 1 × 10 6	1.804(33)	2.589(7)
	d 2 × 10 6	-1.244(18)	-0.984(5)
	H K × 10 6		-0.0773(19)
	H K J × 10 9	42.8(41) a	41.48(15)
	H JK × 10 9	-6.26(27)	-2.35(2)
	H J × 10 9	-0.524(95)	-0.2729(10)
	h 1 × 10 12		-103.7(8)
	h 2 × 10 12	180.0(15)	-2.05(59)
	h 3 × 10 12	48.1(64)	1.305(198)
	WRMS	0.93	0.98
	Highest Frequency	126723	499625
	Max J	52	90
	Max K a	19	32
	Transitions	706	2856 b

Table 5 .

 5 Changes of molecular parameters for the 28 = 1 vibrational states of g-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit ofMüller et al. (2016).

	Parameters	28 = 1	28 = 1
	(MHz)	∆X, (Müller et al. 2016)	∆X, this work
	A	-36.9279(135)	-36.9252(53)
	B	2.25206(85)	2.25460(27)
	C	-0.17562(44)	-0.17628(15)
	D K × 10 3	-2.2 a	-1.96(3)
	D JK × 10 3	0.3359(23)	0.3344(6)
	D J × 10 6	8.94(57)	9.37(4)
	d 1 × 10 6	-5.61(49)	-6.17(3)
	d 2 × 10 6	-1.19(27)	-0.78(19)
	H K × 10 6		0.758(46)
	h 1 × 10 12		23.15(161)
	h 2 × 10 12		30.38(226)
	h 3 × 10 12		13.75(83)
	WRMS	0.73	1.05
	Highest Frequency	126624	499388
	Max J	21	89
	Max K a	18	20
	Transitions	283	1186

Table 6 .

 6 Table 21, available at the CDS) as was done for the gauche conformer. Finally we ob-Article number, page 8 of 14 D. Liu et al.: Frequencies of the low lying vibrational states of n-propyl cyanide up to 506 GHz Changes of molecular parameters for the 29 = 30 = 1 vibrational states of g-n-PrCN obtained from our latest fit using Watson's S reduction.

	Parameters	30 = 1	29 = 1	29 = 30 = 1
	(MHz)	∆X	∆X	∆∆X
	A	58.6429	23.7238	-1.50985(23)
	B	-7.93825 2.49329 -0.299830(42)
	C	-5.17388 0.43322 -0.000337(32)
	D K × 10 3	4.9987	-0.8467	0.0157(7)
	D JK × 10 3	-0.6552	0.15941	-0.01558(21)
	D J × 10 6	7.562	-20.188	-2.532(12)
	d 1 × 10 6	-8.065	2.589	1.601(6)
	d 2 × 10 6	-3.600	-0.984	0.7423(22)
	H K × 10 6	0.3743	-0.0773	
	H K J × 10 9	-99.2	41.48	2.75(60)
	H JK × 10 9	5.47	-2.35	
	H J × 10 9	-0.0729 -0.2729	0.00914(98)
	h 1 × 10 12	-105.8	-103.7	
	h 2 × 10 12	-21.98	-2.05	
	h 3 × 10 12	13.498	1.305	
	L JK × 10 12	-1.015		
	L JJK × 10 15	20.4		
	L J × 10 15	-5.299		
	l 1 × 10 15	-2.686		
	χ aa	-0.064		
	WRMS		1.24	
	Highest Frequency			484435
	Max J			89
	Max K a			20
	Transitions			1888

Table 8 .

 8 Changes of molecular parameters for the 29 = 1 vibrational states of a-n-PrCN obtained from our latest fit using Watson's S reduction compared to the fit ofMüller et al. (2016).

	Parameters	29 = 1	29 = 1
	(MHz)	∆X, (Müller et al. 2016)	∆X, this work
	A	-0.702(137)	-0.511(70)
	B	-2.31897(14)	-2.31911(11)
	C	-1.49534(14)	-1.49435(9)
	D JK × 10 3	0.0924(9)	0.1001(7)
	D J × 10 6	-0.45(6)	-0.249(9)
	d 1 × 10 6		0.266(9)
	d 2 × 10 6		0.0271(33)
	H K J × 10 9	63.1(39)	69.0 (26)
	H JK × 10 9		3.788(91)
	H J × 10 9		0.01684(54)
	h 1 × 10 12		-2.72(54)
	h 3 × 10 12		2.30(20)
	WRMS	0.79	1.01
	Highest Frequency	126573	494532
	Max J	28	114
	Max K a	18	18 a
	Transitions	405	947

Table 9 .

 9 Article number, page 12 of 14 D. Liu et al.: Frequencies of the low lying vibrational states of n-propyl cyanide up to 506 GHz Changes of molecular parameters for the 18 = 30 = 1 vibrational states of a-n-PrCN obtained from our latest fit using Watson's S reduction.

	Parameters	30 = 1	18 = 1	18 = 30 = 1
	(MHz)	∆X	∆X	∆∆X
	A	-810.902 740.532 -196.258(60)
	B	1.45206	5.15775	-0.42142(7)
	C	5.00591	1.97789	0.09133(9)
	D K × 10 3	-347.2	334.05	-304.5(44)
	D JK × 10 3	0.4936	-0.3497	-0.3470(9)
	D J × 10 6	8.115	-2.251	0.4526(134)
	d 1 × 10 6	1.5523	-1.084	0.3759(33)
	d 2 × 10 6	2.6451	-2.152	1.5351(62)
	H K J × 10 9	50.1	-59.5	
	H JK × 10 9	-1.03	1.26	
	H J × 10 9	0.0169	-0.0149 -0.00851(65)
	h 1 × 10 12		-6.5	
	h 2 × 10 12	-8.916	7.45	
	h 3 × 10 12	-6.812	5.746	-3.00(39)
	L KK J × 10 12		-232.1	
	WRMS		1.12	
	Highest Frequency			492190
	Max J			113
	Max K a			10
	Transitions			613
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Appendix A Assignments with SMAP

The first task to be carried out is to assign lines to the appropriate quantum numbers of the transitions. First the spectrum is measured compared to predictions made from existing data. After this, the assignments together with our evaluations (uncertainties and comments) are listed in a text file, with the extension .lin, which is used by the fitting program (the schematic diagram is Fig. A-1). In this section, the program for assigning lines and the format of the .lin file will be introduced. In the second part of "simulation setting", the program offers several simulation tools: second derivative, Gaussian and Lorentzian to plot the simulations with different line shapes. Users can also set parameters such as linewidth and point spacing to get the desired simulation. Also we can give information of the frequency source: the harmonic content and ratio, to get a realistic simulation. The settings on the right side of the panel are to adjust the intensities of the predictions to match the measurements. Both radiation sources and detectors have varying response as a function of frequency, so rotational transitions measured in some frequency ranges are very strong; while in other ranges they are quite weak. Therefore the adjustment of the intensity of the predictions is very useful to trace the intensities of predictions with respect to close-lying identified lines and hence to avoid mistakes in assigning lines (an example of mismatch can be found in Fig. A-5). Graph stuff (Fig. A-7). This panel is used to change the style of the display and the color of the plots. The Graph style is used to select the style for plotting, and font is for changing the style of characters on the interface of the program.

Scaling (Fig. A-8). SMAP provides users with both auto and manual modes to adjust the scale. When choosing the manual mode, both the frequency range (between 𝑋 1 and 𝑋 2 ) and amplitude range (between 𝑌 1 and 𝑌 2 ) can be set for display. The second set of boxes and the arrows are used to enter an increment and to progressively increase or decrease the scale. A grid can be added to the display for users to easily check the symmetry and center position of the peaks. In the auto mode, the program presents the whole data in the file to give an overview of the measured spectrum. 
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Spectrum calculator (Fig. A-9). The panel can be used to make some calculations with the spectral data. SMAP provides users with two buffers to store data and then do arithmetic between them or calculations with a constant. SMAP can also do FFT and inverse FFT calculations to filter data. Line list and assignment (Fig. A-10). In this window, users can get the frequencies and amplitudes of all peaks of the spectrum presently displayed above a desired threshold. All these are shown in the left side with the title "measured". The list of predictions is shown on the right. Different colors are used for different .cat files and corresponding to the plotting colors for an easier identification. By setting an error tolerance in MHz, the program can automatically assign the predictions within this tolerance, and then write the results into a text file. In our case, this file is the .lin file, which is used subsequently in SPFIT.

After finishing the assignment of one prediction by SMAP, the line is evaluated by its shape, overlap etc. and a comment is added to the .lin file. This is later used to refine the uncertainty of each measurement. Next the programs SPFIT and SPCAT are used for fitting and producing a catalogue of updated predictions. Appendix A: Line lists at the CDS Line lists availabe at the CDS (cdsarc.u-strasbg.fr (130.79.128.5) or http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/) include: Fitted transitions at 36-70, 89.25-126.75, 171-251 and 310-506 GHz for a-n-PrCN in the ground state (Table 10), 30 = 1, 30 = 2 and 18 = 1 (Table 20), 29 = 1 (Table 22) and 18 = 30 = 1 (Table 24); for g-n-PrCN in the ground state (Table 11), 30 = 1, 30 = 2 (Table 12), 29 = 1 (Table 14), 28 = 1 (Table 16) and 29 = 30 = 1 (Table 18). Additionally, a smaller number of lines confidently assigned but not fitted correctly and showing systematic residuals indicating as yet uncharacterized vibrational coupling are given in separate lists.

The lines that could be correctly fitted but are above quantum number limits first showing systematic residuals are also placed in these separate lists and not used in the final fits by precaution.

The separate lists include for g-n-PrCN, 30 = 2 (Table 13), 29 = 1 (Table 15), 28 = 1 (Table 17) and 29 = 30 = 1 (Table 19); and for a-n-PrCN, 30 = 1, 30 = 2 and 18 = 1 (Table 21), 29 = 1 (Table 23) and 18 = 30 = 1 (Table 25).
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ABSTRACT

Laboratory measured rotational spectra of antiand gauche-normal-propyl cyanide up to 506 GHz have been analyzed to obtain a precise set of molecular parameters for the ground state and five low-lying vibrational states of each conformer. The objective is to be able to make best possible predictions for radio-astronomy. In total around 15000 lines have been included in the analysis. Improved parameters have been determined for v30 = 1, v30 = 2, v18 = 1, v29 = 1, for the anti conformer, and v30 = 1, v30 = 2, v28 = 1, v29 = 1, for the gauche conformer. Parameters are derived for the first time for v18 = v30 = 1 of the anti conformer and v29 = v30 = 1 of the gauche conformer. Evidence has been found for vibrational coupling for some transitions above 380 GHz. The coupling between v18 = 1 and v30 = 2 of the anti conformer has been well characterized. Internal rotation splitting is also observed but not expected to be resolved in astronomical spectra.