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Abstract

The identification of molecules in the interstellar medium (ISM), circumstellar spheres and
low-temperature exoplanet atmospheres is a major challenge in astrophysics and is mainly
based on highly accurate rotational and rovibrational infrared reference spectra. One way
to determine these reference spectra is through ab initio calculations, since they allow for an
efficient simulation of a wide range of conditions, including extremely low pressure and tem-
perature.

In this thesis, a new realization of rovibrational configuration interaction (RVCI) theory
for the calculation of rovibrational infrared spectra via configuration interaction theory has
been developed and implemented to allow for the calculation of these reference spectra. The
approach is based on a multi-mode expansion of the multi-dimensional potential energy sur-
face (PES) and dipole moment surface (DMS), vibrational self-consistent field (VSCF) and
vibrational configuration interaction (VCI) theory. A direct product between vibrational ba-
sis functions (VCI wave functions) and rotational basis functions is used. Thus, in contrast
to the previously introduced rotational configuration interaction (RCI), the interaction be-
tween rotational and vibrational bands is taken into account. This is done with high accuracy
by including the higher order term of the inverse effective moment of inertia tensor p for the
rotational term and the Coriolis coupling term in the Watson Hamiltonian. Moreover, a new
rotational basis called molecule specific rotational basis (MSRB) is introduced.

The convergence behavior of several different series expansions within RVCI theory showed
very individual effects for the five parameters investigated. If the maximum total angular mo-
mentum quantum number Jp,, or the vibrational basis set is not sufficiently converged, large
artifacts occur. Efficient ways to detect and avoid these issues are presented. The CI space in
the VCI calculations is another crucial parameter in terms of quantitative convergence. It was
found that the best indicator for convergence of the coupling strength is the spectral separation
between the vibrational bands. For the two quasi-degenerate vibrational modes of HoCS the
Oth order Coriolis coupling is significant, while the 1st order terms show only small changes.
Compared to the Coriolis coupling terms, the rotational terms require a one order higher -

tensor expansion for the same accuracy. The Ist order introduces at most energy shifts for
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entire progressions of 5Scm™!. The changes induced by the 2nd order terms are more than
one order of magnitude smaller. Since the absence of higher order coupling terms does not
cause artifacts in the spectrum, an insufficient convergence is hard to detect in the resulting
spectra.

The calculation for the first paper in this thesis relied on a number of approximations, that
could be removed in the further course of this thesis. Most of these approximations did not
drastically affect the spectra of ketenimine, as there are only minor changes in the spectrum up
to 2900 cm 1. Above that, however, the 11 band and the coupling between vg + 12 and v11
show that the quality of the quantum number assignment, the consideration of the coupling
and the consistency of the intensities improved significantly over the last three years. The
new calculations also revealed an interesting turnaround progression in this region. The line
broadening study using propynal as a benchmark molecule gives evidence for the assumption
that for molecules with 6 — 10 atoms there is no need to consider sophisticated beyond Voigt
profiles, as they are used for small molecules (N2, HoO, CHy4, NH3, etc). The reason for this
is that the higher mass and the larger moment of inertia tensor lead to a higher rovibrational
state density. Therefore, the variation between different broadening profiles is negligible.

At the end of this thesis, several runtime optimizations are analyzed. The parallelization
shows an almost perfect scaling in the number of CPU cores for the precalculations and the
intensity calculation. In addition, the precalculations of the vibrational integrals save about
a factor of 8 in total computation time. The contraction of the MSRB coefficients and the
RVCI coefficients results in a total reduction of computational time of 50% for HoCS and
97% for ketenimine.

The current implementation of the RVCI theory in MOLPRO is capable of calculating
rovibrational infrared and Raman spectra for up to 10 atoms, up to room temperature and
over a broad spectral range. However, combining all these features together requires large
computational resources. A list of optimizations to increase the computational efficiency is
presented in the outlook. Moreover, a number of possible additional functionalities and meth-

ods to increase the robustness of the code are provided.
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Zusammenfassung

Die Identifizierung von Molekiilen im interstellaren Medium, in zirkumstellaren Scheiben
und in den Atmosphiren kalter Exoplaneten ist eine grofSe Herausforderung in der Astro-
physik und basiert hauptsichlich auf hochgenauen Rotations- und Rotationsschwingungs-
Referenzspektren. Eine Moglichkeit, diese Referenzspektren zu bestimmen, sind b initio-
Berechnungen, da sie eine efhziente Simulation eines breiten Bereichs von Bedingungen (ein-
schliefflich extrem niedriger Driicke und Temperaturen) erméoglichen.

In dieser Arbeit wurde eine neue und besonders effiziente Implementierung der Rota-
tionsschwingungskonfigurationswechselwirkungstheorie fiir die Berechnung von Infrarot-
Rotationschwingungsspektren entwickelt, um die Berechnung dieser Referenzspektren zu er-
moglichen. Der Ansatz basiert auf Normalkoordinaten und einer Mehrmodenentwicklung
der mehrdimensionalen Potential- und Dipolmomentflichen sowie Schwingungs-Selbst-
konsistentes-Feld-Verfahren und Schwingungskonfigurationswechselwirkungstheorie. Dabei
wird ein direktes Produkt zwischen Schwingungsbasisfunktionen und Rotationsbasisfunk-
tionen verwendet. So kann im Gegensatz zu der zuvor eingefithrten Rotationskonfigura-
tionswechselwirkungstheorie die Wechselwirkung zwischen Rotations- und Vibrationsban-
den beriicksichtigt werden. Dies geschieht mit hoher Genauigkeit, indem die Terme hoherer
Ordnung des inversen eftektiven Trigheitsmomenttensors y fiir den Rotationsterm und die
Coriolis-Kopplung im Watson Hamiltonian berticksichtigt werden. Dariiber hinaus werden
eine neue Rotationsbasis namens Molekiilspezifische Rotationsbasis (MSRB) und eine neue
Art der Zuweisung von Rotationsschwingungsquantenzahlen eingefiihrt.

Das Konvergenzverhalten verschiedener Entwicklungen fiir die Rotationsschwingungs-
konfigurationswechselwirkungstheorie (RVCI) zeigte sehr individuelle Effekte fiir die fiinf
untersuchten Parameter. Wenn die maximale Gesamtdrehimpulsquantenzahl Jp,,x oder die
Grofle der Schwingungsbasis nicht ausreichend konvergiert, treten besonders grofie Arte-
fakte auf. Es werden efhiziente Methoden zur Erkennung und Vermeidung dieser Pro-
bleme vorgestellt. Auch die Grofle des Schwingungsbasissatzes ist ein entscheidender Para-
meter fiir die Konvergenz des Spektrums. Der beste Indikator fiir die Konvergenz beziiglich

dieses Parameters und fiir die Stirke der Kopplung ist der spektrale Abstand zwischen den



Schwingungsbanden. Fiir die beiden quasi-entarteten Schwingungsmoden von HyCS ist die
Coriolis-Kopplung nullter Ordnung sehr entscheidend, wihrend die Terme erster Ordnung
nur geringe Anderungen verursachen. Im Vergleich zu den Coriolis-Kopplungstermen er-
fordern die Rotationsterme eine um eine Ordnung héhere p-Tensorentwicklung fiir die glei-
che Genauigkeit. Die erste Ordnung fiihrt fiir ganze Progressionen zu Energieverschiebungen
von héchstens S cm™!. Die durch die Terme der zweiten Ordnung hervorgerufenen Anderun-
gen sind um mehr als eine Gréflenordnung geringer. Da das Fehlen von Kopplungstermen
héherer Ordnung keine Artefakte im Spektrum verursacht, ist eine unzureichende Konver-
genz in den resultierenden Spektren sehr schwierig zu erkennen.

Die Berechnungen fiir die erste Veroffentlichung in dieser Dissertation beruhten auf einer
Reihe von Niherungen, die im weiteren Verlauf dieser Arbeit entfernt werden konnten. Die
meisten dieser Niherungen hatten kaum Auswirkungen auf die Spektren von Ketenimin, da
sie bis 2900 cm ™! nur zu geringfiigigen Anderungen des Spektrums fiihrten. Oberhalb dieser
Grenze zeigen jedoch die v1-Bande und die Kopplung zwischen 15 + v12 und v11, dass sich
die Qualitit der Quantenzahlzuordnung und die Konsistenz der Intensititen in den letzten
drei Jahren deutlich verbessert haben. Die neuen Berechnungen zeigen auch eine interessante
turnaround Progression in diesem Bereich. Die Studie zur Linienverbreiterung unter Verwen-
dung von Propynal als Anwendungsmolekiil bestitigte die Annahme, dass fiir Molekiile mit
6 — 10 Atomen keine Notwendigkeit besteht, beyond Voigt-Profile zu verwenden, wie sie fiir
kleine Molekiile (N2, HoO, CHy4, NHs, etc.) benutzt werden. Der Grund daftr ist, dass die
hohere Masse und der grélere Trigheitstensor zu einer hohen Schwingungszustandsdichte
fihren, wodurch die genaue Form des Verbreiterungsprofil weniger relevant wird.

Am Ende dieser Arbeit werden verschiedene Laufzeitoptimierungen analysiert. Die Pa-
rallelisierung zeigt eine nahezu perfekte Skalierung in der Anzahl der CPU-Kerne fiir die
Vorberechnungen der Schwingungsintegrale und fiir die Intensititsberechnung. Dariiber
hinaus sparen die Vorberechnungen der Schwingungsintegrale etwa einen Faktor von 8
an Gesamtrechenzeit ein. Die Kontraktion der MSRB-Koeffizienten mit den RVCI-
Koeffizienten fiithrt zu einer Gesamtrechenzeitreduktion von 0% fir HoCS und 97% fiir
Ketenimin.

Die derzeitige Implementierung der RVCI-Theorie in MMOLPRO ist in der Lage, Infrarot-
und Raman-Spektren fiir bis zu 10 Atome, von " = 0K bis zu Raumtemperatur und tiber
einen weiten Spektralbereich zu berechnen. Die Kombination all dieser Eigenschaften er-
fordert jedoch grofle Rechenressourcen. Im Ausblick wird daher eine Liste von Optimierun-
gen zur Steigerung der Recheneffizienz vorgestellt. Dariiber hinaus wird eine Reihe von
moglichen zusitzlichen Funktionalititen und Methoden zur Erh6hung der Robustheit des

Programms aufgelistet.
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Introduction

Choosing a subject for a PhD is a difficult decision and above all it depends on personal pref-
erences. Section 1.1 describes, from my subjective perspective, why my topic is so important
and motivating these days. The Section 1.2 addresses the scope of the thesis. Since a PhD
thesis is build upon previous research, it is important to precisely define the border between
the previous status quo and the own new research. This will be given in Subsec. 1.2.1 and
1.2.2, along with a short overview what distinguishes the approach in this thesis from other

rovibrational research groups in Subsec. 1.2.3.

1.1 MOTIVATION

The question of whether places outside the solar system are habitable has long preoccupied
mankind [5-9]. The most promising extraterrestrial places are planets orbiting other stars and
their moons (exoplanet (EP) and exomoon (EM))[9—13]. Over the last three decades more
than 3 500 systems with altogether more than sooo confirmed EPs and about 3000 candidates
were found [14]. In contrast to that, so far no EM has been confirmed, although there were
several promising candidates [15-17], therefore the subsequent discussion focuses on EPs.
After the planets are discovered, the usual procedure is to study them in more detail. Param-
eters like the radius of the planet, the mass, the mean distance to the star (semi-major axis)

and the calculated average temperature on the planet are determined [14, 18, 19]. The latter
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depends on the one hand on the distance to the star. On the other hand it depends on the
existence and the composition of the atmosphere. More atmospheric greenhouse gases cause
higher temperatures, as can be seen on Venus in a very extreme way. This is one of the reasons,
why the investigation of exoplanet atmosphere (EPA) is very important for the habitability of
planets beyond earth. Other reasons are, that the atmosphere protects the surface of a planet
against radiation and meteorites. Hence, EP research relies heavily on the spectroscopy inves-
tigation of the atmospheres and therefore also accurate reference spectra. Due to the tempera-
ture of EPA, microwave and infrared (IR ) spectroscopy are widely used. For very hot planets,
there is a significant number of electronic excitations that also allow spectroscopy in the visible

or ultraviolet wavelengths.

There are many different methods to detect EPs, but not all of them allow for a subsequent
analysis of the atmosphere [20]. Only 3% of the planets are detected by the direct imaging
method (DIM) [14, 21], meaning that the planet is far enough away from the star and the re-
solving power of the telescope is high enough to distinguish the star and the planet on images.
With this method an analysis of the atmosphere is in principle possible. In this case emission
spectroscopy can be used. There are also indirect methods to detect exoplanets, where the planet
and the star are too close to spatially resolve them, but only the influence of the planet on the
host star can be detected [20]. One indirect detection method, that also allows for an analysis
of the atmosphere is for example the transit method (TM). It can be applied, when coinci-
dentally the star, the EP and the observer are in a straight line. In that case there is a primary
eclipse (earth - planet - star) that can be used for detection via absorption spectroscopy. The
opposite case is called secondary eclipse (earth - star - planet), which can be used for emission
spectroscopy [22]. Another detection method that contributed to the majority of the detec-
tions in the early days of EP discovery (between 1990 and 2010) is the radial velocity method
(RVM) [14, 21]. It uses the fact that the star and planet orbit around their common center of
gravity. This causes a red and blue shift of the star, that can be detected and yields for example
the mass of the EP. However, it does not provide any information about the EPA. The most
promising methods for the investigation of EPA are therefore the DIM and the TM.

In general, a larger planet yields a higher signal-to-noise ratio (SNR) of the atmospheric
signals due to the larger volume causing scattering or emission (depending on the detection
method). For this reason, atmospheres have been detected in most cases for Jupiter-like and
Neptune-like planets, some have been found for super-Earth planets [23], but no EPA detec-
tion has been successful for Earth-sized EPs [24-27], like for example rocky planets. However,
this is mainly due to two experimental limitations. The first is that for Earth-like planets, the
majority of the shading effect during the eclipse is due to the core shadow and not due to the
atmosphere. The core of the planet simply reduces all the light from the star (called a flat trans-

mission spectrum) [28—-30], without any measurable spectral signature. In contrast, an atmo-
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sphere shows a frequency dependent dimming, i.e. spectral features, due to the absorption
lines of the molecules in the atmosphere. Therefore measuring the atmosphere of a rocky, icy
or watery planet simply requires a better telescope. The second experimental limitation, that
prevents the detection of Earth-like EPA is a systematic observational bias in the TM, meaning
that the SNR is higher when the planet is closer to the star [22]. Therefore the vast majority
of planets observed by TM are closer to their star, than the distance between Mercury and the
Sun [14]. Hence, the stellar pressure is strong and in most cases stronger than the gravity of
small planets and therefore these planets can not hold their atmosphere. This effect is known
as photoevaporation-driven atmosphere loss/mass loss and is related to the explanation of the
small planet radius gap [31, 32]. Since, better telescopes allow to apply the TM to EP further
away from their host star, these planets should be able to protect their atmosphere against the
stellar pressure, even if these planets are relatively light. This means that the reason, why the
majority of the EPAs discovered so far are around gas giants is that they are the easiest targets

to probe new methods.

However, the future EP and EPA research strives to smaller and colder planets, as can be
seen in the following: In 2001 the first detection of a chemical substance (sodium) in an EPA
was achieved for the hot Jupiter HD 209458 b, which has a diameter of about 1.3 5 times that
of Jupiter and it orbits its star on a very narrow orbit (about 1/8 of the distance Mercury-
Sun). As a result, a year on the planet lasts only 3.5 Earth days and the surface temperature
is about 1000K [33]. Many organic compounds are destroyed at such high temperatures.
After that, a number of other molecules such as, water, carbon monoxide, carbon dioxide,
methane, ozone were also detected on other hot Jupiters [34, 35]. In addition, the limit for
the lightest planet where an atmosphere could be detected was lowered from the hot Jupiter
HD 209458 b with 220 times the mass of Earth to Neptune-sized planets (HAT-P-11b, 23
times the mass of Earth) [36] to super-Earths (55 Cancri e, 8 Earth masses) [37]. Another
super-Earth with a detected atmosphere is K2-18b with 8.6 Earth masses [38]. This planet is
also in the habitable zone, making its atmospheric detection even more groundbreaking [38],

since organic compounds can exist there.

The results mentioned above show that enormous progress has been made in this field in
the last two decades. Within the community it seems to be common sense that the next step
is the investigation of these atmospheres in respect to biological relevant molecules [39-41].
There are different definitions and an ongoing discussion about how to properly define these
gases. Deciding which molecules are suitable for this task is a very difficult interdisciplinary
challenge. The contribution that spectroscopists can make is primarily to provide highly accu-
rate reference spectra. To summarize this task a bit more precisely: We need to provide highly

accurate reference spectra for temperatures up to 370 K (upper end of the habitable zone) for a
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large number of relatively small molecules (typically 13 atoms at most [40]) with a potentially
high abundance in the atmosphere.

However, the detection of these gases is still in the distant future because it requires a com-
pletely new type of space-based telescopes [42, 43], using either a starshade/coronagraph (e.g.
New Worlds Mission, LUVOIR or Terrestrial Planet Finder-C) or an optical interferometer
(e.g. Large Interferometer For Exoplanets (LIFE) or Terrestrial Planet Finder-I') [44—47]. This
is also the reason why it is a relatively new and small field of research and therefore there is not
yet a consensus on which molecules to study [39—41]. Fortunately, there is a related field
of research where biologically relevant molecules have already been found, albeit under very
different conditions. In the interstellar medium (ISM) and in circumstellar shells more than
200 molecules have been detected [48-50]. These regions represent a wide chemical diversity,
from rather stable to highly reactive species, from simple diatomics (e.g. CO, N3 and OH), to
simple organic molecules such as methanol (CH30H; [51]) and up to even larger compounds
such as polycyclic aromatic hydrocarbons (PAHs; [s2]) and fullerenes (Cgo; [53]). For this
reason, the ISM and circumstellar shells are a very interesting test case for the detection of bi-
ologically relevant molecules in EPs. In this context, complex organic molecules (COMs; [54])
are of particular interest. These are molecules with 6 or more atoms, including at least one
carbon molecule. Such compounds are thought to be important building blocks for biologi-
cally relevant molecules [55—57]. Two examples of such COM:s are ketenimine and propynal.

Both of them were studied in the course of this PhD [1, 3].

1.2 SCOPE OF THE THESIS

Since a dissertation builds on previous research, it is important to clearly define the boundary
between the previous state of the art and the own new research. This will be done in Sub-
sec. 1.2.1 and 1.2.2, along with a brief overview of what distinguishes the approach in this

thesis from other rovibrational research groups in Subsec. 1.2..3.

1.2.1 DELIMITATION TO OTHER PROGRAM PARTS IN MOLPRO

The rovibrational configuration interaction (RVCI) theory developed in the context of this
thesis and the according algorithms is at the very end of a long sequence of theoretical meth-
ods. Hence, the question appears which of these methods should and need to be explained
in this thesis. The overview of the program structure in Fig. 1.1 allows for a rough under-
standing of the different subprograms. The black arrows guide the main information flow.
However, the illustration is by no means complete, as there are many more minor dependen-
cies. The main information within this graphic is encoded in the color of the boxes. The

algorithms in the red boxes are not explained at all, but only some computational details are
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Figure 1.1: Overview of the program structure with the level of detail for the explanations within this thesis. Algorithms
in red boxes are not explained, but sometimes computational details are given. The yellow boxes denote algorithms that
are briefly discussed, program parts in the green boxes will be explained in more detail and the algorithm in the blue box
in the bottom represents the main content of the thesis.
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mentioned. For example the specific electronic structure theory method and the correspond-
ing basis set, will be given for some of the calculations. The details behind it are not necessary
for the understanding of the rest of the thesis. The same holds true for the geometry optimiza-
tion algorithms. The harmonic frequency calculation is to a certain extent important for the
understanding because it yields the coordinate system. However, this will be explained along
with the surface calculation. The fitting of the potential energy surface is a non-trivial and
crucial part in the code. However, to understand the RVCI theory, it is sufficient to know
that the grid representation is replaced by analytical functions, to save computational time.
For the algorithms in the yellow boxes, the basic ideas will be explained. This is because the
design decision made there affects the latter calculations, namely the choice of the coordinates
and multi-mode expansion in the surface calculation and the basis set for the vibrational con-
figuration interaction (VCI) program depends on the vibrational self-consistent field (VSCF)
program. The VCI theory and rotational configuration interaction (RCI) theory in green re-
quire a more detailed explanation. They provide the basis functions for the RVCI theory (in
blue), which is the main topic of this thesis.

VClI theory is briefly described in this thesis, but since the vibrational theory is the primary
research object of the Rauhut Group for the last decades, there are many theses from previous
PhD students, that are more suited to give a deeper understanding. Another reason why I
want to keep the VCI theory very short. For the RVCI theory, I derived all equations again, if
they were identical to the RCI theory (such as for the partition functions, rotational integrals

or in parts for the intensity calculation) or the equations were derived by me for the first time.

For most of the MOLPRO program it is easy to drawing a clear line between my own work
and the previous status quo. However, the transition between the RCI implementation of Er-
fort and my RVCI program is more involved and will be explained in the following: The calcu-
lation of the partition functions and the R CI are both implemented by Erfort. In contrast, the
calculation and diagonalization of the RVCI matrix, including all higher order ji-tensor cou-
pling terms (Coriolis-coupling and rotational terms), is my work. The rigid rotor basis (RRB)
and the Wang basis (WB) were introduced decades ago in the literature and implemented in
MOLPRO by Erfort. The molecule specific rotational basis (MSRB) was introduced and im-
plemented by me in the course of this PhD. The assignment of the £ and v quantum number
only occurred in the RVCI program and the two algorithms (leading coefhicient method and
partial trace method) were implemented by me. The same holds true for the two assignment
algorithms for the rovibrational irrep (based on the rovibrational wave function and based on
a partial trace on the rovibrational basis functions).

The infrared intensity calculations for RCI were the work of Erfort. The necessary ad-

justments for the RVCI intensities and the introduction of the intensity calculations with the

MSRB were done within this thesis. The different broadening profiles were introduced by me



Chapter 1. Introduction 7

and later combined by Erfort in the DAT2GRAPH program. For the hot bands, Erfort in-
troduced the vibrational transition moment integrals and I did the rest of the programming.
The majority of runtime optimization was implemented by me (see Section 3.4), besides, a

symmetry optimization for the rotational integrals.

1.2.2 DELIMITATION TO ROVIBRATIONAL THEORY LITERATURE

There are a number of books and publications on the subject of rovibrational spectroscopy.
Usually several assumptions are made at the beginning (choice of coordinate origin, space fixed
or molecule fixed coordinate system, internal or normal coordinates, grid based calculations
or the use of fit functions, Taylor series expansion or multi-mode expansion, RRB or WB etc).
Only if many of these assumptions match with the own implementation and additionally the
derivation is as close as possible to equations, which can be programmed later, there is a sub-
stantial benefit of following this literature. For the MMOLPRO software, a comparison with
the book of Bunker and Jensen [58] is most suitable. It also uses the Eckard conditions, the
transition between space-fixed and molecule-fixed coordinates is also described by means of
Wigner rotation matrix elements, and normal coordinates and equivalent rotations are used
to determine the rotational irreps and thus the nuclear spin statistical weights (NSSW). In ad-
dition, intensities are addressed fairly detailed. However, neither the multi-mode expansion
and nor a specific vibrational basis set is selected. Thus, the expressions for the vibrational
integrals cannot be simplified at an early point in the analytic calculation, and thus the deriva-
tion is also terminated early. Moreover, the rotational integrals are not even computed in the
RRB. The Wigner 3-J symbols are introduced as a general concept, but the calculation of in-
dividual elements is not included. Hence, they were also self-derivated and then compared
with the tabulated results in the appendix of [59]. There is various literature about partition
functions, but little about the actual and efficient implementation. The same is true for the
assignment of quantum numbers and rovibrational irreps. Most literature either refers to un-
coupled systems, or uses the Hose-Taylor theorem [60], which is a rather academic but not
very practical approach. (If the leading coefficient is smaller than o.5, then an unambiguous
assignment is not possible.) The issues regarding runtime optimization are either analogous
to other places in the code, which makes similar methods possible (parallelization, thresholds)

or so specialized that there is also no literature about them.

1.2.3 DELIMITATION TO OTHER ROVIBRATIONAL SOFTWARE

Over the last decades a number of quantum chemical programs describing nuclear motions
appeared. Of course, itis not possible to presentall the groups working on this topic, but some

of them will be introduced. For example Bowman and Carter ez 2/. did some early work on
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the VSCF and VCI theory and developed the MULTIMODE software [61, 62]. However,
since they focus on a different accuracy regime and usually do not calculate complete rovibra-
tional spectra, but some selected lines for small .J it is not really comparable to MOLPRO [63].
Carrington ez al. developed a lot of different, out of the box approaches [64-66]. However,
a comparison to MOLPRO is also difficult, since it is not a software package, but more a set
of independent algorithms. Furthermore, the focus is more on innovative, academic prob-
lem solving than on broad applicability. In contrast, the groups of Mityus and Csdszdr et al.
developed the software packages GENUISH and MARVEL [67-70]. The former is an ab ini-
tio program using internal coordinates and it also allows for the calculation of rovibrational
spectra. The latter is an empirical software, that relies on high quality experimental data. In
addition to that there are some very successful programs making use of fitting a model Hamil-
tonian. One example is the SPFIT/SPCAT program introduced by Pickettez al. [71,72]. An-
other example is PGOPHER, which was invented by Western [73]. Moreover, the methods
of Stanton and Franke ez al. [74] rely on VPT2 using a large effective model Hamiltonian.

A group that has so far specialized in a low number of small molecules (e.g. water, methane
and ozone), but with a very high accuracy demand is Tyuterev et al. [75-77]. Over decades
they successively improve the quality of their potential energy surface (PES) with more and
more experimental results. Since MOLPRO is a pure ab initio program, allowing for the
simulation of molecules for which no or only scarce experimental data exist, this is again
not really a suitable comparison. However, one of the members of the latter group devel-
oped its own more generalized software [78]. Similarities to AMOLPRO are the use of the
Born-Oppenheimer approximation and therefore the use of a PES and dipole moment surface
(DMS). Moreover, it is in principle an b initio method relying on a non-empirical effective
Hamiltonian, that exploits symmetry properties. The basic idea is to combine the Van Vieck
perturbation theory (also known as contact transformation) with the polyad scheme. Both the
contact transformation and the new method of Ref. [78] apply a series of unitary transfor-
mations on the nuclear motion Hamiltonian. However, the former results in an expansion
of the Hamiltonian in a power series and the latter uses an expansion in the polyad scheme.
Furthermore, the approach of Ref. [78] does also allows for an empirical corrections, if this is

requested.

The program TROVE [79] was developed by Yurchenko, Thiel and Jensen and is since
then extensively used by Yurchenko, Yachmenev and Tennyson [80-83] for calculations for
their EXOMOL [84] database. Similarities to MOLPRO are again the use of the Born-
Oppenheimer approximation and hence of an electronic PES and DMS. Moreover, they use
a variationally computed eigenvector matrix. In principle they use an ab initio approach that
can be refined using semi-empirical PES, an empirical basis set correction [85] or similar meth-

ods [86]. However, there are much more differences: For example, in TROVE, the rovibra-
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tional Hamiltonian is represented by a Taylor series expansion in terms of linearized coordi-
nates around the non-rigid reference configuration that is treated explicitly on a grid. In con-
trast, MOLPRO relies on an analytic respresentation of the PES and DMS in terms of poly-
nomials or B-splines, represented in normal coordinates, a multi mode expansion and VCI
theory.

A particular good comparison is possible for HoCS, which was calculated with both ap-
proaches [81, 87]. In TROVE, the kinetic energy operator was terminated after the 6th order
and the PES after the 8th order. However, this cannot be directly compared with our values
because the 8th order Taylor series contains different terms than our 4th order multi-mode ex-
pansion. Inboth cases there are terms which are notincluded in the other method. Yachmenev
et al. control the size of the vibrational basis set by the polyad number P and its maximum
value Ppax. Then they define a function that defines how important the different vibrational

modes are for the convergence. For example, for HoCS they define
P =ncs + 2(ncy, + ncy,) + na,cs + na,cs + 7y < Prax (1.1)

This means for example that the level of excitation ncy, of the C — H; stretching mode is
weighted twice as much as the level of excitation ncs for the C — S mode, due to the prefactor
2. In contrast, in MOLPRO the selection of the vibrational basis functions in the rovibra-
tional code is either set manually via a user input or giving by an upper energetic bound.
This shows that although there are a large number of methods for calculating rovibrational
infrared spectra, they are so different that the theory has to be recalculated from scratch each
time, besides the basics already developed decades ago and summarized for example in [538, 59,

88, 89], as mentioned above.
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Theory

The goal of this thesis is to calculate rovibrational spectra. Therefore we need to determine
two quantities: 1. The frequencies v; ¢ (i for initial state, f for final state) and 2. the intensi-
ties I; s of each transition. This means that in a first step, the rovibrational state energies and
wave functions need to be determined. This is done by using the Schrédinger equation, de-
termining a Hamiltonian that describes the rovibrational problem, choosing a rovibrational
basis set, building up the corresponding matrix and diagonalizing it. The second quantity
that is needed for the spectrum is a measurement for the strength of the transition. This is the
intensity for IR spectra and the differential cross-sections for Raman spectra.

As mentioned in Subsec. 1.2.1, there is a long series of programs and algorithms in the
MOLPRO software that is required before the rovibrational calculations can be done. How-
ever, for the understanding of the RVCI theory that is developed in the course of this thesis, it
is sufficient to explain the basics about the surface calculation (PES, DMS and polarisability
surface (PS)), VCI and RCI theory. This is done while introducing the Watson Hamiltonian.

2.1 WATSON HAMILTONIAN

There are many different ways to describe the nuclear motion of molecules. Many of them
are using the Born-Oppenheimer approximation to separate the nuclear motion and the elec-

tronic motion, making use of the different time scale of these processes and yielding a PES

II
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term in the Hamiltonian. Determining the Euler angles and applying the Eckart conditions
allows to separate the rotational and the vibrational motion as much as possible. The vibra-
tional motion of the cores corresponds to a physical angular momentum and is not due to
the choice of the coordinate system. Therefore, a complete decoupling is not possible. The
Coriolis coupling term describes this effect. In a second step, the different vibrational modes
can now also be separated as far as possible. For this purpose, the potential is approximated
quadratically in the vicinity of the minimum. This harmonic approximation allows then to
set up and diagonalize the Hessian matrix. The resulting eigenvalues are proportional to the
harmonic frequencies and the eigenvectors correspond to the so-called normal coordinates g;,

which are used in the following. Combining these steps leads to the Watson Hamiltonian [90]

L 3V6 5o

1
Hy = 225:@7 — o) tap(Jg — ) ——Zﬂaa 5 - WJFV(%---’%N%)- (2.1)

Here p denotes the inverse of the effective moment of inertia tensor, J, the total angular
momentum, the indices o and 3 correspond to the Cartesian coordinates {z,y, 2}, 7o de-
scribes the vibrational angular momentum and N is the number of atoms. Hence, there are
M = 3N — 6 vibrational modes, since we only consider non-linear molecules. This results
in M normal coordinates, which span the potential energy surface (PES) V'(q1, ..., qam). The

Watson Hamiltonian can be split in the following three parts

1. Vibrational term (subsection 2.1.1)

1 1 1oL 92
Hyip, = 5 Z TalaBTB — g Z Moo — 52_2 QI>--'aQM)
i—1 4q;

2. Rotational term (subsection 2.1.2)

Hior = Z JozﬂaﬂJﬁ
ozﬁe{a: Y,z }

3. Coriolis coupling term (subsection 2.1.3)

1
Hee =—3 Z (Jattapms + Tattaps)
apefz,y,z}

%W = Hvib + Hrot + Hco



Chapter 2. Theory 13

2.1.1 VIBRATIONAL TERM

The Watson Hamiltonian for non-rotating molecules has the form [90]

1 1 0?
Hvib:§ Z Waﬂaﬁﬁﬁ—g Z Maa—— —+V(q1,...,qM). (2.2)

ape{z,y,z} ac{z,y,z} i=1

For didactic reasons it is most useful to start with the PES term

V(ql,...,qM). (2.3)

This is due to the fact that it relies on a multi-mode expansion, which is also used for another
part of the Watson Hamiltonian. Since the calculation of an equidistant grid is not compu-
tationally feasible for large molecules, an expansion that is truncated after a certain order is
an intuitive solution for this issue. In addition, it is advantageous to use difference surfaces,
since this leads to decreasing contributions for the higher order terms, which is essential for
the convergence of the expansion. A Taylor expansion and a multi-mode expansion are closely
related in that sense, that they consist of the same terms, but their assignment to the specific
expansion orders is differently.

The PES described by a multi-mode expansion is given by

Vigr, - qur) = ZV gi +ZV"J %> qj) + Z Vi (i, 45, i) + (2.4)

1<J <j<k
Vilai) = Vo(qz') -V (2.5)
Vijai 45) = Vij(ai, 45) Z Vilar) — (2.6)
refig}
Viir(ai 0, a6) = V(g o) = > Vilamas) = Y Vilar) = Voo (2.7)
rse(igik} retid}

To determine the PES, 4b initio electronic structure theory is used to determine energies
along the required directions. While a naive implementation of the surface calculation for
one molecule is relatively straight forward, the generalization over all symmetry groups and
many molecules is very demanding. Furthermore, the efficient calculation, using an iterative
construction of the surfaces, a multi-level scheme, screening, parallelization, symmetry prop-
erties turns the implementation into a very challenging undertaking. The determination of
the grid representation of the PES is done in AM/OLPRO in the XSURF program [91-94].

Subsequently, the grid representation is transformed into an analytical representation, such
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as polynomials or B-splines. This accelerates the later determination of the integrals within
the vibrational calculations. Within A/OLPRO this is done in the POLY program, with a
very efhicient Kronecker product fitting [95]. It should be noted that the property surfaces,
i.e. the dipole moment surface (DMS) and polarisability surface (PS), are constructed in the

same way.

The first part in Eq. (2.2) describes the vibrational angular momentum (VAM) term
How=y D e5)
VAM = 5 TallaBTB 2.
afe{z,y,z}

including the vibrational angular momentum operator [90]
To = —1 Z CI?ZQZana (2'9)
kl

which consists of the Coriolis-C constants [90]

N

Gh=Y_ (L x Lyp), =~ (2.10)

J=1

Thereby L denotes the transformation matrix form mass-weighted elongation vectors in nor-
mal coordinates. Moreover, the Coriolis- constants fulfill the relation (f, = 0. The VAM

term also includes the inverse of the effective moment of inertia tensor i, which is defined as

M
tos = (Ihs Tog=Tag = D Gilhpdiam. (2.11)
k,lm=1

The pi-tensor is also represented in a multi-mode expansion

M M k-1
Hap = 10g+ > pas(ar) + DD paplar @) + - (2.12)
k=1 k=1 l=1

describing the inverse effective moment of inertia tensor in terms of difference surfaces. Em-
pirical studies have shown that this expansion converges faster than the multi-mode expan-
sion for the PES. For example, most semi-rigid molecules require a 4D multi-mode expansion
for the potential to converge, while the Oth order p-tensor terms are sufficient for the VAM
terms [96].
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The second term in Eq. (2.2) describes the Watson correction term
1
g Z Moo (2' 13 )

Itisa pure quantum mechanical term, i.e. it has no classical equivalent. For the later vibrational
calculations, this term can be combined with the PES. It corresponds to a mass-dependent
pseudo-potential.

The third part of Eq. (2.2)

M
1 0?
describes the main contribution of the kinetic energy operator. In the analogy to classical
mechanics, this term corresponds to the kinetic energy of the vibrational modes.

In general, there are many different methods to solve the vibrational problem, such
as VMP2, VMP4 [97], VPT2 [98], VSCF [99], VCI [100, 101], VMCSCF [102], VM-
RCI [103], VCC[104, 105], etc. In the following two of these methods will be described

briefly, since they are used in the course of this thesis.

VIBRATIONAL SELF-CONSISTENT FIELD THEORY

The vibrational self-consistent field (VSCF) theory is the vibrational equivalent to the Hartree-
Fock theory in electronic structure theory. It is a variational method relying on a mean-field
approximation. Hence, it does not consider correlation effects and is therefore only used to
provide optimized vibrational basis functions for the subsequent VCI calculation. The VSCF
implementation in MOLPRO allows to use

* cither distributed Gaussian basis functions, which arelocal, but not pairwise orthogonal

* or harmonic oscillator basis functions, which are pairwise orthogonal, but global func-

tions.

I
A linear combination of these basis functions yields one mode wave functions ¢, (g, ), which
are called modals. In the following, n! denotes the guantum number for the normal coordi-
nate ¢, and the full set of occupation numbers is given by I = (nf, ... n},). Based on that,

the VSCF wave functions are given by Hartree-product of modals

M

o7 (a1, anr) = [ i (a0): (2.15)

a
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Within the later derivation of the RVCI theory it will be necessary to understand the VSCF
wave functions, but the specific choice for the VSCF basis functions will not be important.
The reason for that is the following: The rovibrational integrals can be separated in vibrational
and rotational integrals. While the latter are completely independent of any vibrational wave
functions, the former are obviously not. Moreover, all operators in the later calculations can
be decomposed in sums and products of the position operators qld and the momentum op-
erators 0;. Hence, they are acting only on one coordinate and therefore allow to separate the
calculation in one dimensional integrals. It should be noted, that coupling between different
vibrational modes is still considered due to multi-dimensional polynomial coefficients and the
corresponding summations introduced in the polynomial expansion. However, this individ-
ual treatment of one dimensional integrals requires to consider the one mode wave functions

which are modals.

VIBRATIONAL CONFIGURATION INTERACTION THEORY

Analogously to VSCF theory, VCI theory does also rely on the variational principle, but in
contrast no mean field approach is used. Therefore, it allows to consider correlation effects
between different modes. As a consequence, the resulting transition frequencies are much
more accurate. The basic idea is to use the Schrédinger equation, the Watson Hamiltonian
and the VSCF wave functions as VCI basis functions to build up the correlation matrix. The

diagonalization of this matrix yields the vibrational state energies and wave functions

M
YTy = Z# | YSCFY = ch H(pgé _ (2.16)
I 1 a

The ‘¢}ISCF> wave functions will be referred to as configurations in the following. It should
be noted that the used VCI implementation used relies on state specific, symmetry-blocked
matrices relying on prescreening. This means for every vibrational state of interest a VCI ma-
trix is built iteratively by adding more basis functions of the same irreducible representation.
Then only one eigenpair is determined by a special algorithm [106]. Prior to the prescreening,
the number of considered configurations spanning the configuration interaction (CI) space is

limited by three quantities:

* LEVEX determines the largest quantum number within one mode, ie. 0 — 1,0 — 2,
0 — 3,...The defaultis LEVEX = 5.

* CITYPE defines the maximum number of simultaneous excitations with respect to the

different modes, i.e. Singles, Doubles, Triples, ...and thus determines the kind of calcula-
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tions, i.e. VCIS, VCISD, VCISDT, ... The default is CITYPE = 5, VCI(s) if a 4D surface

is used.

* CIMAX is the maximum excitation level (maximum sum of quantum numbers) of con-
figurations within the limits of LEVEX and CITYPE. The default is CINAX = 15.

The coupling through the Watson Hamiltonian is usually stronger between configurations
with similar quantum numbers or transition frequencies. For the later RVCI calculations

it is important to keep in mind, that the VCI wave functions

¢\I~’CI> are solutions for the
Schrédinger equation with the vibrational Watson Hamiltonian #H.;,. For this reason, they are

an excellent choice for the vibrational part in a product ansatz for the RVCI basis functions.

ROVIBRATIONAL WAVE FUNCTIONS

Since the vibrational part of the RCI and RVCI basis functions consists of VCI wave func-
tions, the former can be introduced now. The main difference between RCI and RVCI the-
ory is that the former does not consider coupling terms between different vibrational modes.
As a consequence, the resulting RCI wave functions are only a linear combination of differ-
ent k values (z-component of the total angular momentum), but not a linear combination of

different vibrational states. This can be seen in the following comparison:

}¢}ZCI> - Z Cf |¢¥SCF> (2.17)
I
) = (Do 1k ) o7y = (e 1) ) (el [oF ) ) (aars)
k k T
W) = e 1 [0) = e 1 B oF) (219
ki Wi I

The RVCI wave functions are also a linear combination of different vibrational states and
therefore allow to consider inter-vibrational state coupling. In the upper equations, the ro-
tational basis functions are for example provided by the primitive rigid rotor basis functions
(also called symmetric top basis functions). However, this can be any pure rotational wave

function, which will be discussed later.

2.1.2 ROTATIONAL TERM

/!

A vibrational |gb’v’ib> and rotational | ¢/

) basis function can be combined in a direct product

|®") = ‘¢gib> |fro)- In the following, an abstract vibrational basis function will be denoted

} /v/ib> while a specific basis function such as a VCI wave functions will be denoted ‘gb}’CI>.

/!

The same holds for the rotational basis function with |¢]L,

) denoting the general form and
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|J”, k") denoting the rigid rotor basis (RRB). Moreover, the initial states are marked with a”
and the final states with a’, since this is sufficient for the distinctions. However, the specific
form of the vibrational basis requires more information. Therefore, different indices are used

to distinguish the initial and final state.

It should also be mentioned that it is very difficult to find a notation that makes sense for
both the derivation of the eigenstates and the derivation of the intensities. Furthermore, the
notation should not contradict the usual conventions of the literature from the vibrational
spectroscopy community nor the literature from the rotational spectroscopy. This was not

always possible, but was attempted to the best of our ability.

The rotational term can be written as

1
Hmt:§ Z Jattap s (2.20)
ape{zy,z}

Using the direct product basis yields

1

([ Heor [9") =5 D (S| (Dhee] Jattap s [0i) | Free) = (2.21)
ape{z.y,z}
5 Z (| Hap | D) { Broc| Jads | Drc) - (2.22)
ape{z,y.z}

This is due to the fact that the effective inverse moment of inertia tensor operator 4 has no
effect on the rotational basis functions and total angular momentum operators .J,,, J3 have
no effect on vibrational basis functions. Therefore we can split the analysis in two parts: The

vibrational integral and the rotational integral.

VIBRATIONAL INTEGRALS

The study of similar vibrational integrals for the VAM terms has been presented in a previous
thesis in the Rauhut group by Neff [107]. However, the vibrational basis corresponded to
the VCI basis and not to the VCI wave functions. For the sake of completeness and a better
understanding, it will be started with the vibrational integrals, as they appear in VCI and RCIL.
(Note, that this exact term is not determined in VCI theory, since the VAM terms have an
additional 7, operator.) After that, the equations will be derived in the form in which they
appear in RVCL.
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If we use Eq. (2.12) and consider the vibrational integral of Eq. (2.22) it yields:

M
< v1b} Hap |¢v1b> /“La/3< v1b’¢v1b + Z <¢<fib‘ tap(dr) ‘¢/v/ib>

k=1
M k-1

+ Z Z (Vv Hap(ars ) | D) + - - (2.23)
k=1 I=1

Without an assumptions about the basis functions, it is not possible to simplify this expres-

sion. For VCI theory it follows
(V| s | 65T =

:uozﬁ <¢ SCF‘gb SCF>+Z <¢VSCF| Na/B |¢ SCF>

=01,7
k—1

M
£ 30T (0¥ pplan ) [ 655 + ... (224)
k=1 I=1

Using that the VCI basis functions are described by the VSCF wave functions, consisting of
modals (see Eq. (2.15)) yields

M
Ma55[J+Z<HSO tap(ar) H@ZZ>
M k-1 ' ] / B
_1_2 <H()p “—[gpga>+... (2.25)

k=1 =1
This can be simplified by using the orthonormality of the wave functions, that are not effected

tas(ar, Q1)

by an operator

M
I J
TEUSEDY < tap(qk ‘@k > 11 <<P? ;" > (2.26)
k=1 itk
M k-1 . ,
+ Z < <90k: ) ’@k > “Pl > H <901n1 o > +... (2.27)
k=1 =1 i#{k,l}

Note, that there is no summation over VCI coeflicients, as these are VCI integrals of VCI basis

functions, not wave functions.
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There are some changes if compared with an RCI calculation. Using Eq. (2.18) adds two
sums over the VCI wave functions. However, since the implementation is limited to a Oth or-
der yi-tensor these sums vanish due to the orthonormality of the VCI wave functions resulting

in a very simple integral
(D7 pap |05) = (67| s |65") = magdr.s (2.28)

In contrast, within RVCI theory, these integrals are much more involved. This is due to

1. the higher order terms
2. the different basis functions, and

3. the fact that the selected configurations for left and right wave functions are no longer

identical.

In the previous calculations it was assumed that the modals are ground state based. However,
in the most general case, they can be optimized for each vibrational state and therefore they
are not orthonormal to each other.

Inserting the VCI wave functions for the vibrational part of the RVCI basis functions yields

Neowe Neone
(O 1o |65V = 1l Zcf ($YSCF| (Z ¢ |¢§JTSCF>>
=1 J=1
Neowe \ Neone
3 (e oo | S A1 )
=1 J=1

conf Neont
Z c <¢\[]SCF} 1o (Qk; q1) (Z ¢ ¢XSCF>> , (2.29)

=1 I=1 J=1

with the number of selected configurations N,,¢. Replacing the VCI basis functions by VSCF
Z gogg > yields

wave functions and using the overlap integrals S/ := <gof{

1,J a a
1,54
+> ey <H on| nap(ar) [ ] b >
kIJ N\ a y
I M J
:<@Zk Hap(qr) ‘P:k > Ha;,gk 537
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- Z CICJ<H90 tap(dk, 1) H%025> (2.30)

m<k,l,J
:<s0:’“s071

The p-tensor integrals are already implemented in A/OLPRO. Therefore we use the follow-

g

J J
e > Ha#{k,l} Sa

Bap(qr,qr)

ing notation of Ref. [107]

I,J I J
Xt = (et |at | ) (231)
to yield
Npoly
<90k tap(ar) ‘ > Zpg g X, n""k (2.32)
R T 5 5 poly poly , y
<@ka?z (qr, @) )(pzk Qp?l > Z Z gh aﬁ n;kanz ni (2.33)
g=1 h=1
Here, N}, describes the maximum order of the polynomial, P, () describes a one dimen-
poly poly B

sional expansion coeflicient for an analytic description of the - tensor. In two dimensions it

is given b p(k’l) . By combining the equations (2.30) and (2.33) it follows:
8 Y Pgh,ap OY & q

Has D _cf C§H51J+ > CJZpgaﬁ X [T s
1,J

k,,J atk

> 010522 Pyons X nknkxnlnl I s (234)

I<k,I,J a#{kl}

This shows that the vibrational integral of the rotational term can be implemented based

on existing integrals and summation.

RoOTATIONAL INTEGRALS

After determining the vibrational integral of the rotational term, it is necessary to derive the

rotational integral

<¢r0t{ Jao Jﬁ |¢r0t> (2-35)
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At first, a rotational basis has to be chosen. The simplest basis is the rigid rotor basis (RRB)
|J, k) tulfilling the relations

VLK) =J(J+1) k) (2.36)
Jz"Lk) :k|J7k> (2'37)
(2.38)

The angular momentum ladder operator

Ji| kY =/J(J+1) = k(k£1)|J,k + 1) with Jo = J, £ iJ,,. (2.39)

can be very helpful for the determination of the rotational integrals.

Another very common basis is the Wang basis that appears in different variants. Instead of
the quantum number k € {—J, ..., +J} the Wang basis uses the parity 7 of k and the absolute
value of K = |k|. MOLPRO uses the version introduced in Ref. [108]

0 fork<0
T = (2.40)
1 fork>0
0 forr =0
o= (2.41)
Kmod3 forr=1
|J0) forT =0
|JOT) = for K =0 (2.42)
0 forr =1
|JKT) = % (JJE) + (=1)7 547 [T = K)) for K #0 (2.43)

Since it is a linear combination it is also called Wang combination.

Both types of basis functions are available in A/OLPRO, but the analytical integrals are only
implemented for RRB and the integrals in the Wang basis (WB) are determined by adding the
different rigid rotor terms. This is the reason, why we will only use the RRB for the derivation

of equations.

Using the RRB gives
(J' K| Jadg|J" K" (2.44)

which has only non-vanishing values for J' = J” due to the selection rules. Since a, 5 €

{x,y, 2} there are 15 different combinations of operators, that need to be considered. By using
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Egs. (2.36)-(2.39) it follows

(J. k[ J2| T k) = & (2.45)
(S kT3 1, k) = (k| T |, k) (2.46)
1
=3 [J(J +1)— k’Q} (2.47)
(J k| Jody | J k) = — (J, k| JyJu | J, k) (2.48)
= —%k (2-49)
(L k£ 1| Jo, | T k) = Fi (J, k£ 1] JyJ. |, k) (2.50)
1
zikz\/J(J+1)—k(kj:1) (2.51)
(J k1| JJp |JE) = Fi (J k£ 1] J.J, | k) (2.52)
1
:§(ki1)\/J(J+1)—k(ki1) (2.53)
2 2
= i (J k+2] J.Jy | J, k) (2.55)
= Fi (J k2| J, e | J, k) (2.56)
1
:—Z\/J(JJrl)—k:(k:il)\/J(JJrl)—(k:il)(k:i2) (2.57)

All integrals with two angular momentum operators not mentioned above vanish. As can be
seen, the elements of the total angular momentum operators are not commuting. However,
there is a simplification if the combined integral Eq. (2.22) (including the summation over
a, () is considered. For example, Eq. (2.48) can be used together with the symmetry of 1, g
to show that

(J, k| Judypiay + JyJetiye |, k) = (2.58)
(J k| Judypoay — Judypiyz |J, k) = (2.59)
(J, k| Jpdypiay — Judyttay |J, k) =0 (2.60)

The vibrational basis is not explicitly given for the sake of simplicity. The resulting integral for
E =Ek"is

1

(. k| Hror | J. ) = 5 (J. K] Joliae + Jo gy + Jopzz |, k) (2.61)
1(1

_ 5{5 [T+ 1) = k2] (tta + p1yy) + k%z} (2.62)
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and for the other non-vanishing cases

1
(Jok £ 1| Heoe |, k) =3 (J k£ 1] Jpdypiay + Jydapiyz + Jodptize + Jodypizy |1 k) (2.63)

:i\/(]((] +1) — k(k £ 1)(2k £ 1) (paz £ ipys). (2.64)

1
(k= 2 Haoc |, k) = o (s £:2] T2 lize + oty + Jodyliay + JyJufiyz |1, k) (2.65)

:%\/J(JJr 1) — k(k+£1)/J(J+1) — (k£ 1)(k £2)

X (Maz — fyy £ 2ipizy). (2.66)

2.1.3 CORIOLIS COUPLING TERM

The Coriolis coupling term can be written as

1
Hee =—3 Z (Jaktapms + TatiapTs). (2.67)
aﬂe{x,y@'}

Using the aforementioned separation between rotational and vibrational basis functions yields

1
(@[ Hee|@") = =5 > (G| (Sloe| Jattasms + TaptasTs [ #l) |0l

aﬁe{x,y,z}

1 / 7
- 3 162 (] Kl

1
5 Z Vlb‘ Zﬂ'aﬂaﬁ |¢Vlb ¢rot| J,B |¢r0t> (268)
154 «

Note that both the ;« and the 75 operators commutate with the J, operator, since they act
on the vibrational basis and the J,, operator acts purely on the rotational basis. Moreover, the
(v operator also commutes with the 7g operator, as has been shown by Ref. [90]. However, it
was shown that the commutation does not hold if the y tensor is expanded in a multi-mode ex-
pansion and truncated after a certain order. During the recent optimization of the VAM term
implementation in Ref. [109] this was not considered for the following reason: Considering

the commutator between 7 and all y-tensor orders yields

[z ugg),m] o (.69
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but for a truncation after the n-th order term it gives

[Z R

This means that the missing contributions are either zero or correspond to a higher order term

=0(n+1). (2.70)

and are therefore less important. In the course of this thesis these terms are explicitly derived,

thus allowing for an investigation of this issue.

VIBRATIONAL INTEGRAL

Compared to the rotational term, the rotational integrals in the Coriolis coupling term are
much simpler, since only a single angular momentum operator occurs. However, the vibra-
tional integral is much more involved, since the additional vibrational angular momentum
operator 7, occurs. It requires to employ the definitions Egs. (2.9), (2.10), (2.12).

The different orders of the multi-mode expansion are analyzed separately. As the Oth order

p-tensor is only a scalar number, but not an operator, it yields

1
5 2 (Bl #osms + marid [8) = D (S| o5 [0) - (2.71)
af af

by swapping and renaming the o and 5 sums in the second term and utilizing the symmetry
of 12 5- In the following, the summation over «, § gives no further insights and is therefore

not explicitly given. Applying Eq. (2.9) gives
—1 Z C}?[Ngﬁ <¢<,ib‘ C]laqk |¢<,llb> . (2.72)
kl

Using the definition of the vibrational part of the RVCI basis functions Eq. (2.19) yields

ZC /LaﬁzCICJ <Hs0 Hw25> (273)

qi an

with VCI coefficients ¢} and ¢7. Since ¢ vanishes when k = [, the two normal coordinates /

and k are unequal and therefore the integral can be split

I J I J
<H902“ H@Z“> = <907l a ‘«pl"l > <¢Z ‘ o
a a

with 17 .= <<pa ¢gi>

s@k> IT sv/ (2.74)

a{k.1}

qi an
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It is helpful to define
nind ni ny
Ak,g = <90k P > : (2.75)

analogously to Neff in Ref. [107]. The two non-trivial integrals in Eq. (2.74) can be given

I J I
<<,0§” a ‘w?l > <ka

For the 1D vibrational term in Eq. (2.68)

5 Z (Do

qg a%

this notation as

O,

opt ) = Xpim g (2.76)

Zﬂaﬂ QT 3+ Z'/Taﬂaﬂ QT |¢v1b> (2-77)

the 114,5(gr) 73 part will be considered first and afterwards it will be checked which additional
terms have to be added for mo105(qr).
Using Eq. (2.9) (2.19) again yields an integral of the form

<H e [Tem > : (2.78)

To separate this integral in different normal coordinates, a case analysis for the different labels

Hap (QT ) q1 aqk

r, 1, k is required. There are five different cases to be considered:
1. 7 = | = k, vanishes since (; = 0

2. 7 =1# k,yields:

NPoly
I J

<30?* s (0r)ar 90?""> <¢Z 0 |6F > Zpa L XTI ARTE (279)
3. r # | = k, vanishes since (. = 0
4. v # 1 # k = n,yields:

NIoly
I J I J J
<90?”' Hap(ar) g, ‘P77> <SOZ’“ i ’902]“> = Z PULAET | X (2.80)

5. r# 1 # k # n,yields:

I
<w?r

1t (qr) o

J I
s@?r> <907l

J I
a ‘w}” > <<ka

wZ’{ >
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NPoly
Zpa aﬁXn % ininl AZ%” (2.81)

Determining the analytical expressions in terms of Nefl’s notation requires a rather lengthy,

but straightforward derivation, especially later for the 2D terms.

Considering the commutated terms in Eq. (2.68) gives the same result for the 2nd case
(since [Haﬁ(%“)a qr(?qk} = 0 forr # k) and for the 5th case (since [,uag(qr), qlaqk} = 0 for
1,1, k pairwise distinct). However, the integral in the 4th case can be expressed by its non-

commutated integral plus an additional term:
I -1) I
<9077}T > Z Pongea <90?’

Similarly to the 1D terms in Eq. (2.78), the 2D terms can be expressed as

<Hso Hso > (2.83)

resulting in another case analysis. The modes 7 and ¢ cannot be equal, since this would cor-

J
Og, s (ar) o ()0, cp:}T> (2.82)

tas(qr, Gt)q10q,

respond to the 1D p-tensor. Moreover, [ and k cannot be equal, due to (f, = 0. There are 7

cases left to distinguish:

1. 1, t,1, k all pairwise distinct:

I I J J I J I J
<¢?T¢? (grs qt) 903?%0?><9071 Q ’sog” > <so’,;’“k Do wZ’“>
I I_J
= | Do plhaaxmr X | g Ay (2:84)
a,b

2. 1 = [ (rest pairwise distinct):

I I J J I J
<90?T 90? (QW Qt)QT SD;LT 80:5% > <g02k 8% QOZ’“ >
_ (rt) nin! ninf nind
- Zpab,aﬁXr,(aH)Xt,lt) ' Ak,ko * (2.85)
a,b

3. t = [ (rest pairwise distinct): Corresponds to the previous case by swapping r and ¢.
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4. r = k (rest pairwise distinct):

J J I J
Orr oyt > <s0§” @ ‘90?’ >

1._J
= -2 Zpabaﬁm x| g (2.86)

(qr,qt)0q,

I I
<90?T ©p

5. t = k (rest pairwise distinct): Corresponds to the previous case by swapping r and ¢.

6. r=Lt=F:

J J
(¢r+ 4t)4rO% 90?%0?> :_QZpabaﬁan—T&-l)Antnt (2.87)

I I
<90?T o

7. 1 =k, t = [: Corresponds to the previous case by swapping 7 and .

For the discussion about the commutated term, there is no need to consider the 3rd, 5th or
7th case, because they can be reduced to other cases by switching the two coordinates of the
2D p-tensor. The cases 1 and 2 commutate, as either all considered normal coordinates are

different, or it can be used that the ¢, operator commutates with (g, g¢).

However, the integral in the 4th case

<90?’I“ o | Oy bt (arr 40) |27 30?]>
_Zpabaﬁa%" @+ <90?£90§”I Bas (@ 01)0q, @77 o > (2.88)
and in the 6th case gives
<90?£ o | 4Oyt (rs 41) ‘907« vt >
= Zpab ) g 1Xn’°nk + <<P?£90?£ (> G1) 0O, |1 90?5> . (2.89)

ROTATIONAL INTEGRAL

In comparison to the rotational term, the rotational integral in the Coriolis coupling term is

much simpler. Since there is never a product of angular momentum operators, there are only
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three cases to consider

(k| J,|J k) =k (2.90)
k1 Ty | k) = i (T & & 1] T, |, k) (2.01)
_ %\/J(J T Rk L) (2.92)

The resulting integrals of Eq. (2.68) are

1 1
(k| oo |1 k) = 5 (LK T2 Y pregms k) = 5k Y papms (2.93)
E E

fork' = k" andfork/ = k" £1
1

(k£ 1 Huoe | S K) =5 (L k£ 1] s D hapmstJy Y mysmsl k) (2.94)

E E
1 .
:Z\/J(J +1)—k(k£1) Z(umg + ip,)T3. (2.95)

B

2.1.4 RVCIIMPLEMENTATION

Combining all the information from the previous sections, it is possible to give an explicit
expression for the Watson Hamiltonian matrix elements. However, it is a very long equation
that does not provide any new insights. Moreover, there is no single place in the program code,
where this equation can be found, since the two types of vibrational integrals are precalculated

separately.

Instead, the structure of the RVCI matrix can be understood by considering the following

representation:

1 1
Hwatson = 5 Z Jaﬂaﬁj - 5 Z(Jaﬂaﬂﬁﬁ + 7704;“&,3‘]5) + Heib
af af
NG ~~ 7 NG ~~ 7 v
Hee VCI
RCI/RVCI RVCI
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1st vib. state 2nd vib. state
H?ﬁ*— F00:10 4 #0011 4
H00b+ H01.10+ H(-)Lll‘i‘

ch(),[)()_‘_ Héc(),[)l_‘_ H\}lt+

He 0+ H O+ Mo+

The outer block structure of the RVCI matrix is given by the vibrational basis functions and
the inner structure is defined by the rotational basis functions. The vibrational terms only
appear on the main diagonal. The Coriolis coupling terms contribute only for different vi-
brational modes and only if Ak € {0, £1, £2}. Finally, the rotational terms are not restricted
by the vibrational basis, but they contribute only it Ak € {0,+1}. Thus, for larger J the

matrix is very sparse.

QUANTUM NUMBER ASSIGNMENT

After diagonalizing the RVCI matrix, assigning the quantum numbers is an important task.
J is a good quantum number and easy to assign because the block-diagonal structure in .J
of the RVCI matrix is used. Therefore, each matrix contains only eigenstates for a particular
J. The quantum number & denoting the z component of the angular momentum and the
vibrational quantum number v are not good quantum numbers. However, if the coupling
is moderate, these quantum numbers can be assigned approximately, which gives insight into
understanding the spectrum.

The rovibrational irrep of the eigenstate can be trivially assigned, if the block diagonal struc-
ture in the irrep is used. Since this was not done in the course of this thesis for several reasons,
the assignment of the irrep was an issue. The importance of this assignment arises from the
closely related NSSWs. At first, the rovibrational irrep was assigned by separately assigning
the k and v quantum number of the eigenstate. This yields the rotational and vibrational ir-
rep, that can be combined using group theory to obtain the rovibrational irrep. This detour
based on two non-good quantum numbers was later revised by using the £ and v quantum
numbers of the basis functions instead of the resulting wave function, since these are good
quantum numbers. This yields the rovibrational irrep of each basis function. Using the eigen-
vector coefficients gives one irrep that dominates the eigenvector, which is then assigned as the
rovibrational irrep of that state.

As mentioned before, although & and v are not good quantum numbers, they can provide
considerable insights in moderately coupled regions of the spectrum. For this reason, two dif-

ferent methods for their assignment are implemented. The first method considers only the
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leading coefficient of the eigenvector and assigns the same quantum numbers to the eigen-
state as to the corresponding basis function. The second method is related to the partial trace
as it is known, for example, from quantum information theory. For two finite dimensional
Hilbert spaces V (for the vibrational subspace) and R (for the rotational subspace) of size Ny,
and Ny, resulting in a product space V' ® R the partial trace Trg over the rotational space
corresponds to a mapping V' ® R — V/, i.e. the rotational space is traced out. Using a matrix
representation with matrix elements ay, ;; (k corresponds to the initial vibrational basis, [ to
the initial rotational basis, 7 to the final vibrational basis, j to the final rotational basis) it can

be written as
N, vib

b, = Z hejij- (2.96)

J
This method is adapted for the eigenvectors. The summation of the eigenvector over the ro-
tational subspace returns the vibrational quantum number and the summation over the vi-
brational subspace returns the rotational quantum number. This significantly increases the
stability of the assignment compared to the leading coefficients, since it does not only rely on

a single coefhicient.

ASYMMETRIC TOP QUANTUM NUMBERS

Molecules can be classified depending on their moment of inertia tensor I, in five groups:
1. Linear molecules: I, << I, = I,
2. Spherical top molecules I, = I}, = I.
3. Symmetric top molecules

(a) Prolate symmetric top molecules I, = I, < I.

(b) Oblate symmetric top molecules I, < I, = I,
4. Asymmetric top molecules [, < I, < I,

The axes a, b, care molecule fixed and defined by the moment of inertia tensor, with a denoting
the axis with the smallest moment of inertia and ¢ denoting the axis with the largest moment
of inertia. This definition is particularly meaningful for asymmetric top molecules.

For asymmetric top molecules, the quantum number k € {—J,...,0,...,+J} is usually
replaced by the two quantum numbers kq, k. € {0,...,+J}. This is due to the fact that
asymmetric top molecules can often be described as near-prolate (I, ~ I;, < I..) or near-oblate
(I, < I = I.). It should be noted that all four molecules investigated in the course of this

thesis are near-prolate molecules. The names can be explained in the following way: The &,
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quantum number can be understood as the z component of the angular momentum, if the
(molecule fixed) a axis would correspond to the (space fixed) z axis. If the c axis is oriented in
a way that it corresponds to the 2 axis, than k. denotes the 2 component of the total angular
momentum. However, the main use of these quantum number are the simpler assignment of
the rovibrational irrep, as is discussed in Ref. [58] and in the masters thesis of Schneider[110].

Examples for the conversion between quantum numbers k and k, k. are given in Tab. 2.1.

Table 2.1: Transformation between the quantum numbers & and two asymmetric top quantum numbers k,, and k.

J k kg ke
0 0 0 0
1 -1 0 1
1 0 1 1
1 1 1 0
2 =2 0 2
2 -1 1 2
2 0 1 1
2 1 2 1
2 2 2 0

MOLECULE SPECIFIC ROTATIONAL BASIS

In the course of this thesis a new rotational basis was invented to improve the quantum num-
ber assignment of k, and k.. This basis is called MSRB and can be expressed as a linear combi-
nation of an arbitrary rotational basis function, e.g. the RRB or WB. The linear coefhicients
are obtained as eigenvectors of an RCI calculation for the ground state. This results in the

rotational basis functions
Jr!
|5 = 6" k) (2.97)

and yields the overall RVCI wave function

‘\If%i%% = Z c;],’?;’f Z ci’ﬂ |J, k) ‘@XCI> ) (2.98)
k

r’ v’

The calculation of the MSRB coefficients is very efficient, since the R CI matrix construction
and diagonalization is not time consuming. In contrast the additional summation needs to
be considered in the intensity calculation. However, this problem can be solved by contract-
ing the MSRB coefhicients with the RVCI coefficients. The effects of this contraction on the

computational time is studied in Subsec. 3.4.3.
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2.2 INFRARED INTENSITIES

For arovibrational IR spectrum intensities are the second quantity that needs to be calculated
besides the frequencies. In the following, only electric dipole transitions are derived. Hence,
neither magnetic dipole transitions nor electric quadruple transitions will be discussed. More-
over, the discussed selection rules are also only true for electric dipole transitions. However,

in the next section Raman transitions will also be derived.

The subsequent derivation is based on [58], who gives a more detailed introduction in this
topic. However, the vibrational integrals are not simplified in this literature, since this can-
not be done without loss of generality. By using the information about multi-mode expansion,
VSCF modals and VCI wave functions, these integrals can be derived specifically for the ap-
proach in this thesis.

The starting point is the following expression derived by an integral over the absorption
coefhicient for all transitions:

212 Ny exp(—E" /kgT)[1 — exp(—hcvie/ksT))

Lie = 3 eohe (T)vgSis,  with Q(T) = 0 (2.99)

It consists of the Avogadro constant Ny, the Boltzmann constant kg, the vacuum speed of
light ¢, the permittivity of vacuum, the wave number of the transition vy = (E' — E”) /hc,

the thermal occupation factor Q(T') and the partition function

Q= Z Gw exp{—FEy /ksT'}. (2.100)

The summation over the different transitions occurs in the line strength

Se= > > [ @ulmal®h) P= > > (@] mal®fe) I’ (2.101)

@0, @i A=X Y, Z Pl P A=EM,C

with internal wave functions ®;,. combining the electronic, vibrational, rotational and nuclear
spin contribution of the initial and final state. ;14 denotes the dipole moment operator and
the second equations describes the transition from space fixed coordinates X, Y, Z to molecule
fixed coordinates £, n, (. Moreover, a transformation between spherical and Cartesian compo-
nents is required. Both steps together can be expressed by

u$ Y = [Fpg + i) V2 (2.102)

i = e, (2.103)
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The superscript has the general form (w, o), with w denoting the order of the transition opera-
tor (e.g., 1 for electric dipole transitions and 2 for Raman transitions) and |o| < w as explained
in Section 2.1. This transformation can also be expressed in terms of Euler angles ¢, 0, x using

the rotational matrix elements D((TQ, (¢, 6, x) as described in Ref. [59] by

1
7 = DL (6,0, i (2.104)

o'=—1

The approximation that the wave functions are separable in terms of their electronic, vibra-

tional, rotational, and nuclear spin contributions can be used to separate the line strength

Se= Y ZM% |y P (2.105)

P, Pf o=—1
in terms of a rotational integral
/ J//
J)* JY ) "oy N
<rot|D Proc) E: E: ek e (J'. K, ‘D S| E m") . (2.106)
kl=—J k!'=—J"

which yields for rigid rotor basis functions | J”, k", m”) the term

<J’ K m ‘ D |J” K m > _ (_1)k’+m’\/(2j//+ (2] +1) (J” al' _J’ ) (J’,’/ 1 J’/) .

K’ K m'’ o —m
(2.107)
This describes a special case of the Wigner-Eckart theorem, as described by Ref. [59], using the

Wigner 3]-Symbols. The Wigner 3]-Symbols are defined via the Clebsch-Gordan coefficients.
The latter are used to describe a set of coupled angular momentum operators. Let, J = J; +
Jo denote the total angular momentum of two coupled angular momenta Jy, Jo, with the
uncoupled representation

’J1/€1> ‘J2k2> = ’Jlkl,J2k2> (2.108)

and the coupled representation
|1 JoJE) (2.109)

Then the Clebsch-Gordan coefficients are defined as the corresponding transformation coef-

ficients

[Jk) = " C(J1od; kakak) [ Jiks, Joks) (2.110)
k1Ko
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[ Juky, Joka) =~ C(J1Jad; kakak) |Tk) (2.111)
Jk

The Wigner 3]-Symbols are defined as

Ji1 Ja J3 T —Jo—k 1
()RR ik Tokal s — k) 2112
<k1 s k3> (=1) 2J3_1<11 2ka|J3 — k3) (2.112)

This representation is very helpful to identify vanishing integrals or to transform integrals via

permutation.
The vibrational integral
(1,
< Ib‘ o) }(I)v1b> (2.113)
cannot be simplified without further assumptions. For the rovibrational part of the integral,
this yields
<(I) ov1b| |(I)r0v1b> (_1)m \/(2‘]” + 1)(2J/ + 1) <;7]1” ; —{n')
/ J// 1
J)x (J7) (L,o") i '
Z Z Ck/ Ck// Z <®i'1b| Mm 7 | ::Ib> (i// 01,/ _Jk/) . (Z.I 14)
klifJ/ k://f J// U/:_l

Assuming a completely separable wave function results in three types of degeneracies:

¢ Thenuclear spin wave functions can be orthonormalized <Q>

q)” (S P’ P
nspln mpm ’ mpm

I
Hence, the only non-vanishing contributions are for ),.;, = ®;, resulting in a nu-

nspm

clear spin statistical degeneracy factor gn,. The latter can be determined as described
in Ref. [58]. It was implemented by Schneider in his Master’s thesis and will not be
covered in the PhD thesis.

* Another degeneracy concerns the electronic state quantum number. However, since in
this thesis only transitions within the electronic ground state are concerned, the corre-

sponding degeneracy prefactor is equal to 1.

* Asthe molecular energy does not depend on the m’ quantum number if neither electric
nor magnetic fields are present, but the matrix element depends on m’ via the Wigner

3J-symbols, this degeneracy is considered by

w J”

>y (v o) =1 (2115)

o=—wm/ =—J' m!'=—J"
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The resulting line strength (for transitions between the electronic ground state) is given by

/ J//
Sit = gns(2J" + 1)(2J" + Z Z
kl=—J! k! =—J"
1 2
(J)x (J") J'1 T
X G Z <<I>’lb{ ‘CID/V'ib> (k,, e —k:’) (2.116)
o'=—1
The multi-mode expansion of the DMS
M k-1
Mo = Hey +Z (1) + Y ) ptalar @) (2.117)
k= k=1 =1

is analogously to the multi-mode expansion for the PES and the inverse effective moment of
inertia tensor p in Eq. (2.12). (It should be noted, that it is an unfortunate coincidence in
literature that there are two completely independent quantities are both denoted as i, which
is the dipole moment operator and the inverse effective moment of inertia.) Since integrals
between VSCF and VCI wave functions and a multi-mode tensor has been discussed before

(see Eq. (2.30)), only the results are presented:
(0 37 [003) = 2 3 e T 527

1,J a
oz I J r
+ ) cred <¢Zk ) ‘902’“> I

k7I7J ayék
+ Z C§C§<s0k o ‘Na k> G1) sok o > H Si7 (2.118)
I<k,,J a#{k,1}

All variables are defined as in Subsec. 2.1.2. Using the polynomial coefficients for the DMS
expansion, the equation yields an expression, that can be implemented. Note that this subsec-
tion showed the derivation for the simplest rotational basis, which is the rigid rotor basis. For
the Wang-combinations there would be another summation over the two Wang coefhicients.
For the MSRB, there would be an additional summation over the MSRB coefficients. How-
(J)

ever, for the derivation, these coefficients can be contracted with the RVCI coefhicients ¢
. . J . . .

In this case, the meaning of the c,i ) coefficients in Eq. (2.116) changes, but the equations are

identical. Moreover, it should be noted that this contraction is actually implemented in the

code to save runtime (see Subsec. 3.4.3).
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2.3 RAMAN INTENSITIES

The calculation of Raman intensities is also implemented in A/OLPRO. The Raman effectisa
two photon process with an additional virtual energy level, which is usually much higher than
the initial and the final level. The theory will only be described very briefly, with a focus on the
difference to IR intensities, since most of the work was already done for the RCI calculations
and neither of the four publications of this thesis addresses Raman transitions.

Non-resonant Raman intensities can be determined by [111]

647 (v 4 v )
I x 2.3 if Z|Cif|2 (2.119)
AB

with the Raman scattering radiation frequency v and the correlation coefficients

B, A A B
CAB — Z My i HijHs s ~ <<I>/ ‘ ’aAB‘(I)// ‘ > (2.120)
I —~ | he(vjy —v)  he(vjp +v) rovib rovib/ * :

The second equation denotes the polarization approximation[s8]. This approximation is
valid if three conditions are fulfilled.

* The Born-Oppenheimer approximation is valid for the initial, the final and the virtual

states.
* Both, the initial and final states of the transition belong to the electronic ground state.

* There must be a large energetic separation between the virtual state and both the initial

and final states.

The transition moments of the electric dipole operator

GRECH

NA‘@i(rju)>v (2.121)

where i is the initial state, j is the virtual state, and f is the final state. Since the space-fixed
coordinate axes are used, the variables for Cartesian coordinates are denoted A and B instead

of @ and 3. The total internal wave functions

|(pint> = ’cI)nS> |(I)el> |q)rovib> (2"122')

are a product of the nuclear spin, electronic, and rovibrational wave functions.
Unlike the first-order DMS tensor, the polarizability tensor v is a second-order tensor. Since

it is symmetric and has rank w = 2, there are six independent elements. Analogous to the IR
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intensities, a transformation from space-fixed components to molecule-fixed components is

used. First, a spherical representation of the polarizability tensor o) with lo| < wand

o = k" — K isintroduced (see Ref. [58] and Ref. [112])

ol = % laxx +ayy +azz], (2.1232)

20 = % 2077 —axx — ayy], (2.123b)
@+ _ % [Floxz +azx) —ilayz +azy)], (2.123¢)
Q22 %[QXX —ayy £ilaxy +ayx)]. (2.123d)

Due to symmetry, all elements with w = 1 vanish [s9]. This simplifies Eq. (2.119) to

2
Ry, = Z | 1nt|O‘AB|(I)::1t Z ‘ 1nt (billlt>
AB

o=—w

(2.124)

Similar to the IR derivation, the Wigner rotational matrix elements D((;;) (€2), with Euler angles

Q = x, 0,0 [59] can be used to obtain

o7 = 3" DL (@al”. (2.125)

o=—Ww

In contrast to IR transitions, there is no w = 1 term for Raman transitions, but an isotropic

(0 ) (2)

Raman transition moment D;/ for w = 0 and anisotropic Raman scattering terms D;; for

w = 2. This makes the final transition moment dependent on the experimental setup [113].

Analogous to the IR derivation, itis assumed that there are no external electric and magnetic
fields, which results in a degeneracy in the m quantum number. Moreover, the |®,;) wave
functions yield the degeneracy factor for the nuclear spin statistical weight gy[58, 88]. This is

described by a sum over degeneracy prefactors. As was derived in Ref. [114], it follows that

2

Z Zw: zw: Z<UI ’v">z cl <7“|D )‘7"”> . (2.126)

degenerate 0=—w | o=—w v""v’ rir!
states

As it was done for the IR calculations, the integrals are separated in a vibrational and ro-
tational part. While the vibrational part is computed numerically, the rotational parts can be

solved analytically [58].



Chapter 2. Theory 39

2J41 DJ

By using rigid-rotor basis functions |[Jkm) =4/ %5

. it follows with the integrals of
three Wigner D functions from [59]:

<J/k/ !D |J//k// //>
= (—1)7tm S 2+ 1) (2w 1) (Le ) (2.127)

g

The strict Raman selection rule follows from this equation, since the 3.J-symbols vanishes if
|AJ| < w. Hence, for the isotropic transition moment w = 0 the selection rule results in
J' = J”, while for the anisotropic part it is less restrictive (AJ € {0, +1,4+2}). Eq. (2.127)
also results in a selection rule for k& and two selection rules for the parity. For a more detailed
discussion see Ref. [58, 59, 113]. Evaluating Eq. (2.127) with the restrictions introduced by
the vanishing Wigner 3J-symbols and w = 0 (and therefore also o = 0) yields

<J’/<:’m'|D(()?())* { J”k:”m"> = 5J//J/5m//m/(5k//k/. (2.128)

This gives for the isotropic transition moment

2
Ry = gns Z Z <v"o¢§2’0)}v"> Z Ck*v ZU <J'k" ‘Doo ‘J"k” ”> (2.129)
m//’m/ 'U”,'U/ k//’k/
2
= 5J”J/gns 2J +1 Z <U 0) "U”> Z C;C*chvdk”k' , (2,130)
U” U/ k//’k/
and for the anisotropic transition moment
2
’ k/ 11 !
Ro= w2 107 +1] 303 (el ) Yo (42 %)

o=—2v" 0 K k!

(2.131)

As mentioned above, the Raman intensities depend on the exact experimental setup. More
specifically, it is influenced by the polarization of the probe radiation (linear, circular, or natu-
rally polarized), the polarization of the detected radiation, the position of the detector, etc. In
general, the resulting intensity can be described as a linear combination of Ry and Ry. This was
elaborated in Ref. [113] and also discussed with respect to our implementation in Ref. [r15].
However, without a specific application in this thesis, it is not meaningful to provide any ex-

periment specific equations. To avoid as much experimental dependence as possible, the Ra-
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man transition strengths are given in terms of differential absorption cross-sections

2 7"
do s e~ E"/ksT 4
E = <5> WAV R (2.132)

instead of intensities.

2.4 LINE BROADENING

The calculation of accurate line lists is very important for rovibrational infrared spectroscopy.
However, the observed spectral lines are broadened by various effects that obscure the details
of the underlying molecular motion. There are several types of line broadening that affect
rovibrational infrared spectra, including natural linewidth (see Subsec. 2.4.1), pressure broad-
ening (see Subsec. 2.4.3), Doppler broadening (see Subsec. 2.4.2), and Voigt broadening (see
Subsec. 2.4.4). These different types of broadening arise from different physical mechanisms
and have distinct effects on the observed spectra. Understanding the various types of line

broadening is important for accurate interpretation of rovibrational infrared spectra.

2.4.1 NATURAL LINEWIDTH

The most fundamental type of line broadening is the natural linewidth, as it is inevitable and

depends only on the life time of a state. It arises from the time-energy uncertainty relation
AtAE > h/2. (2.133)

AEF denotes the linewidth in units of energy, but it can also be given in units of cm ™!, which is
denoted by Av. Moreover, At describes the life time of a quantum mechanical state. At spans
many orders of magnitude for different physical processes. For the three most interesting in

the course of this thesis exemplary numbers are presented in the following [116—118]:
e Electronic excitations; 7 ~ 3 x 10*cm ™ ; At~ 1 x 1078%s; Av ~5x 107*cm™!
e Vibrational excitations; 7 ~ 1 x 103cm ™5 At ~ 1 x 10 3s; Av~5x 102 cm™!
* Rotational excitations; 7 ~ 1 x 10lecm 1, At ~ 1 x 10%s; A~ 5 x 107 cm™!

Of course, these numbers are only a rough reference point, and the actual transition energies
E and life times At can cover a wide range for all three types of transitions. However, the
natural linewidth of vibrational and rotational transitions is much smaller than other types of
broadening, even at low pressure and low temperature. For this reason, the natural linewidth

will not be discussed in this thesis. As a final note, it should be mentioned that the natural
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linewidth broadening profile corresponds to a Lorentz profile, as it is also used for pressure
broadening. Thus, the algorithms implemented during this PhD allow for the simulation of

spectra with natural linewidth.

2.4.2 DOPPLER BROADENING

Doppler broadening is an important factor in rovibrational spectroscopy, causing spectral
lines to broaden due to temperature effects in a gas. The Doppler eftect results from the rel-
ative motion between the molecule and the observer. It causes a shift in the frequency of
the radiation emitted or absorbed by the molecule. The superposition of spectral lines from
molecules with different velocities creates a statistical distribution that results in the broaden-
ing effect. The velocity profile of molecules with mass m in a gas at temperature 7" corresponds

to a Maxwell-Boltzmann distribution. The standard deviation of the broadening is given by

T
op=10 iy (2.134)
Y C m

with the Boltzmann-constant kg, the speed of light in vacuum ¢ and the frequency of the
transition fy without Doppler effect. Unlike the velocity, the line broadening profile for
the Doppler effect is described by a Gaussian function, with a full width at half maximum
(FWHM) of

fo [8In(2)ksT

Af =2 21n(2)0f:? - (2.135)
By using
af _ g (2.136)
fo 7y
it follows

AB(T) = %,/81“(%. (2.137)

Therefore, itis sufficient to know the temperature of the gas and the mass of the molecule to
determine its Doppler broadening. An example for propynal (CHCCHO) at 77 = 10K and
T = 300 K is provided to give a sense for the magnitude of the broadening effect. Moreover,

these values are later used in Section 3.3.

my = 1lu, mc=12u, mo = 16u
=m = 2myg+ 3mc+ lmo = S4u
T = 10K, 75, =300K
kg = 1.380649 x 1072*J/K
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¢ = 299792458 x 108 m/s
79 = 300cm™!
Ap(Ty) = 7.7x10 ¢cm™?
Ap(Ty) = 42x10°cm™?

This shows that the temperature range covered in this thesis (71 = 10 to 75 = 300K)
results in a Doppler width that spans less than one order of magnitude. This is in contrast to
the pressure broadening discussed later. Note, that an exemplary transition at 300 cm ™! was

assumed. The linear scaling in 7 allows for the calculation of a dimensionless relative width

Af  Ap 1 [8In(2)ksT
T (2.138)

which is independent of the specific line position.

It should also be noted that the limitations of the experimental setup also lead to a broad-
ening effect. In many cases, a Gaussian profile is used to model this broadening. However,
since the specific FWHM of this effect crucially depends on the setup itself, there is no gen-
eral equation to determine the width. In contrast, experimentalists provide values for their

specific setup.

2.4.3 PRESSURE BROADENING

Considering pressure broadening is significantly more challenging than considering Doppler
broadening. The former results from collisions between molecules, which can shift the energy
levels of the molecules and cause the spectral lines to broaden. Unlike Doppler broadening,
which is well-described by a Gaussian profile, pressure broadening exhibits a more complex
profile, including Lorentzian, Voigt, or related shapes, depending on the pressure and col-
lision cross-sections of the molecules involved [119, 120]. Due to the complex interplay of
molecular collisions, pressure broadening is much more difficult to model accurately, and pre-
cise measurements require careful consideration of the molecular properties and conditions
of the sample. In this thesis pressure broadening is modeled only by a Lorentz profile and, in

combination with temperature effects, by a Voigt profile.

The FWHM of the Lorentz profile is often referred to as v, in contrast to the Gaussian
profile, where o is used. This usually describes dimensionless quantities, in contrast to the

previously introduced Aw, which describes the FWHM in units of wavenumbers. The width
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of the Lorentz profile in wavelength A can be written as

(2.139)

Its calculation requires knowledge of the scattering cross-section A and the particle number
density n. Similar to the temperature broadening, it also depends on the mass of the molecule
m and the temperature T'. The particle number density n is defined by the number of particles

N and the gas volume V" as follows:
n=—=-— (2.140)

The latter equation assumes an ideal gas with pressure p and Boltzmann constant k. Com-

bining these equations yields

NA p o [2kgT  NAp 2
A)\ == —= .
wc kT m e kgTm (2.141)

Replacing the transition wavelength A through wavenumbers

A:

NER

(2.142)

allows for the last transformation in the following derivation:

AN v Ap 2 Ap 2 1
e 4 A= — - (2.143)
A v wc \| kpT'm wc \ kpTm v

Hence, the Lorentz width

Ap 2
we \l kpT'm

Av = (2.144)

in units of wavenumbers is independent of the specific transition frequency. However, it re-
quires information about the cross-sections A, which can be determined experimentally or
theoretically. In principle, there are advanced methods to simulate scattering cross-sections of

molecules. For several reasons, it was decided that a rough estimate of A would be sufficient:

1. The main result of this PhD is the calculation of accurate line list and bar plot spectra

and not on broadened spectra.

2. All research groups interested in highly accurate spectras use line lists and then apply

more sophisticated methods to account for line broadening (beyond Voigt profile meth-

ods).
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3. However, it can be helpful to give a rough estimate of the visual appearance of the broad-
ened spectra. The resulting spectra do not depend crucially on the exact width of the
profiles.

In some of the publications of this PhD, the cross-section A was estimated by a geometric
approximation of the molecule. Alternatively, asimpler and less accurate, but easily automated
method can be used. Since it is not so much the exact value of A that matters, but rather the
order of magnitude, the latter method is sufficient and will be demonstrated for the example
of propynal (HCCCHO). Propynal consists of three elements for which the atomic radii can
be found in Ref. [121]. There are several different ways to determine the radius of an atom
(empirical, via calculations, via bond lengths of different interaction types). In the following
example, the radii are approximated by a covalent single bond length, although not all bonds
in propynal are single bonds. This yields

ru = 0.32A; rc =0.70A; ro=0.63A;
Ay = md=0324%; Ac=154A%; Ao=125A";
A ~ 24y +3Ac + Ao = 6.514°

As each molecule is treated individually, the geometry of the molecule is not taken into ac-
count, which is a crude approximation. However it allows for a robust and automated calcu-

lation.

In the following, one value is given for interstellar conditions (p; = 3 x 10713 Pa), low
pressure laboratory conditions (p2 = 1 Pa)and terrestrial conditions (p3 = 1 x 10° Pa). Using

the same temperatures and values for the mass and physical constants yields

Av(p, T =10K) ~ 7.0x 107* c¢m™!
Av(pe, T =300K) ~ 42x102cm™?
Av(p3, T =300K) ~ 42x10*cm L.

Hence, the pressure broadening in the ISM can be neglected, since it is many orders of
magnitude larger than the natural linewidth. At normal terrestrial conditions (300 K and
1 x 10° Pa) the pressure broadening is larger than the temperature broadening. However, the
difference is only one order of magnitude, and since the latter has a linear scaling in the fre-
quency of the transition, there is a break-even point at large frequencies (about 3000 cm ™).
Again, it should be noted that these are rough estimates to demonstrate the computational
approach, e.g. the ideal gas approximation is used and the scattering cross-section was deter-

mined with a very crude approximation.
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2.4.4 VOIGT BROADENING

As discussed above, temperature effects can be considered using a Gaussian profile and pres-
sure effects can be considered using a Lorentz profile. For a more accurate description, both
effects should be considered together. This is possible by using a Voigt profile, which is ob-
tained by a convolution of a Gaussian and a Lorentzian. The resulting convolution integral has
no analytical result. However, there are many ways to either approximate or to determine the
Voigt profile numerically, e.g. via the real part of the Faddeeva-function [122] or the pseudo-
Voigt approximation. The FWHM of the Voigt profile can be approximated by the FWHM
of the Gaussian function Azg and the FWHM of the Lorentzian Ay, using

Av AD?
L + L

5 T A (2.145)

Ay =~

In general the three different line shapes are very similar. The main differences are thata pure
Gaussian profile is wider, the Lorentz profile is narrower and the Voigt profile is somewhere
in between, depending on the ratio of A7y and Avg. A more detailed discussion is provided
in Section 3.3.

These three types of line broadening are implemented in AMMOLPRO. It should be men-
tioned, that the most recent implementation in MOLPRO in terms of the DAT2GRAPH
program was introduced by Erfort in a refactoring project. In contrast, the work and achieve-
ments in this thesis concern the implementation of the Lorentz profile, and an efficient eval-
uation of the Voigt profile, since it is very time consuming. Furthermore, it was necessary to
implement a runtime optimization for the Voigt profile in terms of a discretization in the fre-
quency axis and precalculating the Voigt profile. Furthermore, it falls within the scope of this
thesis to perform an optimization to achieve the best possible broadening width values for a

comparison with experiments.
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2.4. Line Broadening




Results

As this is a cumulative thesis, a large part of the results can already be found in the attached
publications. Nevertheless, there are some results that could not be presented in the publica-
tions and that will be elaborated in the context of this thesis. Here, the four different publi-
cations are considered more as a rough reference point to present further work that was done
during the PhD. Thus, for example, from a didactic point of view, it makes more sense to
discuss the second publication first, since Ref. [2] is about the convergence of different series
expansions for the RVCI theory. The publication mainly used various metrics to study the
convergence guantitatively. In contrast, this thesis mainly shows gualitative differences in the
spectra. Five different parameters are considered with respect to their convergence behavior.
An incomplete convergence for the different parameters leads to very individual phenomena
in the spectrum. This is useful for subsequent users to quickly see which parameters have not
yet converged sufficiently.

After that, the content of the chronologically first publication Ref. [1] will be discussed and
updated. This means that essentially the same spectral ranges are presented again, but with the
most recent calculations. Since the original publication is already 3 years old, this is useful for
two reasons. First, it shows the progress that has been made in the course of this PhD. On the
other hand, some interpretations and assumptions about the limitations of the program at
that time, can now be confirmed or disproved. The publication about propynal [3] is the only

one that used line broadening. For this reason, this publication is taken as an opportunity to

47



48 3.1. Convergence analysis

present and compare the different forms of line broadening implemented. After that, a small
selection of runtime optimizations are presented, based on Ref. [4] and calculations for the
other molecules.

In this thesis four different molecules have been studied. Three of them have a high astro-
physical relevance, either because they have been found in the ISM (ketenimine, propynal) or
because a synthesis has recently been achieved which suggests that this molecule could exist
in the envelope of an asymptotic giant branch (AGB) star (diazophosphane). The first two
are also considered to be a complex organic moleculess (COM:s), which makes them particu-
larly interesting from a biological point of view. Moreover, all these molecules are near-prolate

asymmetric top molecules with point groups Ca, or Cs.

3.1 CONVERGENCE ANALYSIS

The second publication in the context of this thesis [2] discusses the convergence of different
series expansions for RVCI theory. As a benchmark molecule, HoCS is used. It is a 4 atomic
molecule with point group Cay, that is a near-prolate asymmetric top (v = —0.993) with two
different NSSWis (1 and 3). (For more details see Ref. [2].) The paper mainly used different
metrics to investigate the convergence behavior quantitatively. In contrast, this thesis mainly
shows qualitative differences in the spectra. Five different parameters are considered in terms
of their convergence behavior, with each of them showing a very individual phenomenon in
the spectrum if not sufficiently converged. After that, the influence of the NSSWs on the
spectrum of HoCS will be discussed briefly.

Before discussing the first convergence parameter, a brief discussion about bands and band
heads will be given for didactic reasons. In spectroscopy, there are many ways to classify differ-
ent bands. One is by the number of band heads. There are beadless bands, single head bands
and double head bands [123]. However, the latter case is relatively rare, so the subsequent dis-
cussion focuses on the first two. The typical P- and R-branches of a two atomic homonuclear
molecule with a gradually increasing and decreasing intensity on both sides of the band are
a good example for a headless band. In contrast, there are many examples in the converged
spectrum of HyCS (e.g. the red band in the bottom of Fig. 3.1) where progressions only grad-
ually decrease in intensity in one direction. For the other direction, a sudden end or an abrupt
edge of the band is visible. This edge is called band head. A part of the reason for this effect
can be understood by analyzing the quantum numbers of each transition of these bands. For

example the aforementioned red progression consists of the lines (starting at the band head):
« J" =5k =5 k'=0— J =6k =6 k=0

*J'=6,kg=5kl=1 = J =7k =6 k=1



Chapter 3. Results 49

Wavelength in pm

12.50 11.76 11.11 10.53 10.00 9.52 9.09 8.70 8.33
\ \ \ \ \ \ \
Jmax = 20

a
'c
s
>
S
=
©
£
2
‘®
c
[
=

800 850 900 950 1000 1050 1100 1150 1200

Wavenumber in cm™!

Figure 3.1: Influence of the convergence behavior of Jy,,5 on the visual appearance of the rovibrational infrared spec-
trum. The example shows H2CS in the strongly coupled region of the quasi degenerate vibrational modes 14 and g at
989.4cm ™! and 989.5 cm ™!, respectively. In addition, there is another fundamental band 3 at 1060.2cm ™. The
vibrational basis set includes up to second overtones and threefold combination bands up to S000 cm_l, the pi-tensor
was considered up to 2nd order for the rotational terms and 1st order for Coriolis coupling terms and the VCI space was
set to its current default value levex=5 citype=5 and cimax=15. The red progression used as an example to describe
band heads. (See text.)
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« J =T K!'=5k/ =2 > J =8 Kk, =6,k =2
« J' =8, Kl'=5k =3 J =9k =6 k=3

* J//:97k:g:57ké/:4_>Jl:107k(/l:67ké:4

In this case the quantum number k, is fixed (corresponding to the z-component for the near-
prolate molecule HoCS) and the quantum number k.. as well as the total angular momentum
J increase for each line in the band. This also explains the reason for the band head, since
there cannot be a line with J” = 4, k] = 5, k! = —1, since the quantum number k. cannot

be negative.

3.1.1 TOTAL ANGULAR MOMENTUM

Within the publication [2], the convergence of the spectrum with respect to the total angular
momentum number J was not discussed. This is due to the fact that an improper convergence
is easy to detect, easy to solve, and an unacceptable approximation because of the large artifacts,
shown in Fig. 3.1. The calculation obtained with Jy,x = 20 shows an artificial second band
head. Since this is always the case, it seems relatively easy to detect when Jp,x is not converged.

However, the following situations can make the convergence decision more involved:

* Strong bands can overlap the tail of weaker bands, as can be seen between 950 and
1050 cm ™. This makes it difficult to spot the artifacts. In this case a color coding with

respect to the quantum numbers v, k, or k. can be very helpful.

* There are bands with increasing line density towards one direction, which is followed
by a turnaround of the band. For example, the lines in an R-branch are expected to
have an increasing frequency for increasing the quantum numbers k,, k.. However, for
asymmetric top molecules, this progression can turnaround, as is for example discussed
in Ref. [124] and in this thesis in Section 3.2. To distinguish these bands from Jp,x
artifacts, the calculations can be repeated with an increased Ji.x. However, this can be
very time consuming and therefore it is more advisable, to either reduce Jy.x during
plotting. This makes the artifacts worse if Ji.x Was not converged sufficiently and has
no influence on turnaround progressions. Alternatively, all lines thatinvolve a J = Jiax

can be ploted in red, to identify these transitions quickly.

* Last but not least, there are also bands in strongly coupled regions that rapidly decrease
in intensity without a turnaround or an increase in line density. This can also be misin-
terpreted as an insufficient convergence of Ji.x. The analysis can be done analogously

to the previous case.
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Figure 3.2: Influence of the convergence behavior of the VCI space on the visual appearance of the rovibrational infrared
spectrum. The example shows HoCS in the strongly coupled region of the three overtones and three combination bands of
the vibrational modes /3, /4 and 1/g. The vibrational basis set includes up to second overtones and threefold combination
bands up to 5000 cm ™1, the [i-tensor was considered up to 2nd order for the rotational terms and 1st order for Coriolis
coupling terms and J,x = 45.
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As mentioned before, the artifacts induced by a Jix that was chosen to small are signifi-
cant and are therefore not a suitable compromise to save computational time. Nevertheless, it
should be noted that there are cases where a small number of bands have very slowly converg-

ing tails.

3.1.2 VCISPACE

Another important parameter for the convergence of the rovibrational spectra is the configura-
tion interaction space (CI space) of the VCI calculation. Since HoCS is a fairly rigid molecule
the default CI space (levex=5 citype=5 and cimax=15) is sufficient. Hence, this parameter
was also not discussed in Ref. [2]. However, larger molecules such as ketenimine and propy-
nal crucially depend on the convergence of the CI space. This is not only in terms of energies
but also in terms of wave functions. For consistency reasons, this phenomenon will also be
discussed for HoCS, but with very small CI spaces. Fig. 3.2 shows that a slightly too small CI
space leads only to frequency and intensity shifts (middle vs. bottom). In this case, the VCI
wave functions are largely converged. In contrast, the effect of an insufficiently converged
VCI wave function can be seen in the top of Fig. 3.2. The artifacts are extreme and there is
little resemblance to the correct spectrum. Of course, for HoCS, the CI space had to be chosen
extremely small to yields such results. However, in the case of propynal this could also be seen
for a much larger CI space (levex=7 citype=6 and cimax=20). It should be noted that this
effect is also present in cases where the VCI energies are converged. Consequently, the VCI
energies are an insufficient indicator for the convergence of the corresponding wave functions.
A somewhat better indicator is, of course, provided by the VCI intensities. However, there
may be an error compensation within the VCI intensities, which can hide an insufficient con-
vergence of the wave functions. Further methods to overcome this problem are discussed in

Chapter s.

3.1.3 VIBRATIONAL BASIS SET SIZE

One parameter that was analyzed in Ref. [2] is the size of the vibrational basis set. One of the
results was that this is a crucial parameter in terms of quantitative changes. In contrast, the
qualitative changes are much more subtle than for Ji.x and for the CI space. When viewed
on a 400 cm ™! wide plot, there are hardly any changes visible. Therefore, Fig. 3.3 shows only
a more narrow snippet of 40 cm™!. The overall structure remains relatively unchanged re-
gardless if only 4 or 45 excited vibrational bands are considered. Considering the smaller pro-
gression reveals that some of the very dense bands in the upper spectrum split into wider pro-
gression, if more vibrational basis functions are used. A further increase in this respect will

result in shifts for these bands. Compared to the previously discussed parameters, an insuffi-
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Figure 3.3: Influence of the convergence behavior of the vibrational basis set size on the rovibrational spectrum. The

small basis set includes only the ground state and the four lowest vibrational fundamental modes. The medium basis set

of 15 vibrational states includes all fundamental bands, single overtones and combination bands up to 3000 cm L

the large basis set 45 vibrational states up to double excitations and threefold combination bands up to 5000 cm ™! are

In

included. The example shows HoCS in a narrow spectral range of the strongly coupled region of the two quasi degenerate
vibrational modes /4 and vg at 989.4cm™ ! and 989.5cm ™!, respectively. In addition, there is another fundamental
band 3 at 1060.2 cm ™ L. The vibrational basis set includes up to second overtones and threefold combination bands up
to subtle, the pi-tensor was considered up to 2nd order for the rotational terms and 1st order for Coriolis coupling terms,
the VCI space was set to its current default value levex=5 citype=5 and cimax=15 and Jp., = 45.
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cient convergence in the size of the vibrational basis set is much more difficult to detect. So
far, the best practice for this task is increasing the number of vibrational basis functions and
visually comparing the spectra. However, it should be mentioned that usually the spectral
separation between different vibrational bands is a good indicator for the strength of the cou-
pling. This is also the reason, why the upper figure already yields a very decent approximation
for the actual spectrum, since all additional bands are at least 1000 cm™~! apart. In the large
basis set of 45 vibrational bands all vibrational bands up to 5000 cm ™! and up to threefold ex-
citations are already included. Therefore, the lowest additional band that could be considered
are threefold overtones and four mode combination bands. However, since normal coordi-
nates and the multi-mode expansion are best suited to describe small nuclear motions, these
higher vibrational bands will be described with less accuracy. Therefore, a trade-off has to be
found between a larger basis set with some less accurate bands and a smaller vibrational basis
set with only very precise bands. It should be mentioned that for larger molecules (e.g. six
or more atoms) the aforementioned criteria (vibrational modes up to 5000 cm ™! and up to
three mode excitations) can already lead to hundreds of vibrational modes. Since this is not
yet computationally feasible, more restrictive constraints are necessary. Therefore, the specific

choice of the vibrational basis set depends heavily on the specific molecule.

3.1.4 CORIOLIS COUPLING TERM ORDER

A characteristic feature of HoCS is the particularly strong Coriolis coupling between the two
quasi-degenerate vibrational modes v4 and v at 989.4 cm ™! and 989.5 cm ™. In this sense, it
can be understood as an upper bound for the strength of this type of coupling. Fig. 3.4 shows
that the Oth order Coriolis coupling is very significant in this region. However, comparing
the Oth order Coriolis coupling with the 1st shows barely any difference on this wide spec-
tral range. This is analogously to the VAM terms, were the yi-tensor expansion is also almost
converged after the Oth order. The quantitative analysis in Ref. [2] has shown that the Ist or-
der still has a meaningful influence. However, because it shifts many progressions by a small
amount and it does not influence the intensity particularly strongly, it is difficult to see in the
spectrum. Nevertheless, Fig. 3.4 demonstrates that already the Oth order can be a very decent
approximation. It shows that missing coupling terms do not lead to artifacts in the spectrum.
This is in contrast to an insufficiently converged CI space and in some sense also different to
the convergence behavior of Ji.x. Thus, the absence of higher order coupling terms is much

more difficult to spot in the resulting spectra.
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Figure 3.4: Influence of the p-tensor expansion order of the Coriolis coupling term on the convergence behavior and the
visual appearance of the rovibrational infrared spectrum. The example shows HoCS in the strongly coupled region of the
two quasi degenerate vibrational modes /4 and v at 989.4cm ™! and 989.5cm ™!, respectively. In addition, there is
another fundamental band /3 at 1060.2 cm ™. The vibrational basis set includes up to second overtones and threefold
combination bands up to 5000 cm ™!, the [-tensor was considered up to 2nd order for the rotational terms and 1st order
for Coriolis coupling terms, the VCI space was set to its current default value levex=5 citype=5 and cimax=15 and

Jmax = 45.
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Figure 3.5: Influence of the jt-tensor expansion order of the rotational term on the convergence behavior and the visual
appearance of the rovibrational infrared spectrum. The example shows HoCS in a narrow spectral range of in the strongly
coupled region of the quasi degenerate vibrational modes 14 and 1 at 989.4cm ™! and 989.5cm ™!, respectively. In
addition to that there is another fundamental band /3 at 1060.2 cm ™!, The vibrational basis set includes up to second
overtones and threefold combination bands up to 5000cm ™!, the J-tensor was considered up to 2nd order for the
rotational terms and 1st order for Coriolis coupling terms, the VCI space was set to its current default value levex=>5
citype=5and cimax=15.
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3.1.5 ROTATIONAL TERM ORDER

In Ref. [2] it was found, that the rotational terms require a p-tensor expansion that is one
order higher, than for the Coriolis coupling terms. This means, for example, that a 1st or-
der p-tensor expansion in the Coriolis coupling terms results in an error that is equivalent to
the error induced by 2nd order rotational terms. It should be noted that the region around
990 cm ™! is an unusual special case for Coriolis coupling and is not entirely representative.
Furthermore, it was noted in the publication that a spectrum without Oth order rotational
terms (similar to Fig. 3.4 for the Coriolis coupling terms) would not make sense, since this
would be a pure vibrational spectrum. Consequently, Fig. 3.5 starts with the Oth order y ten-
sor. Similar to the comparison between different vibrational basis set sizes, the overall structure
is already fairly similar to the reference calculation for the least computational demanding cal-
culation. For this reason, a smaller spectral range was chosen again (40 cm™!). A comparison
between Oth and 1st order terms shows shifts in the order of 2 to 6 cm™! for four bands. The
strongest shift can be seen for a progression around 1035 cm ™! for Oth order, which moves
to 1041 cm™! for the 1st order. The changes induced by the 2nd order terms are not visible
with this plot range. Note also that there are hardly any intensity shifts visible. Similar to the
Coriolis coupling terms, the absence of higher order terms does not produce any artifacts in

the spectrum, making it difficult to decide whether these terms are needed.

3.1.6 INFLUENCE OF NSSWs

So far, this section has mainly focused on the convergence behavior of different parameters,
since this was the main topic of the second publication of this cumulative thesis. However, in
this last subsection the influence of the degeneracy induced by the nuclear spins (NSSW) on
the spectrum of HoCS will be briefly discussed. Since HoCS belongs to the Cy, point group,
it has a total of four NSSWis, two of which are 1 and the other two are 3. In contrast, all other
molecules discussed in this thesis belong to the point group Cs. Therefore, they formally have
two NSSWs, but for symmetry reasons they have to be identical. Thus their influence on the
spectra is only a global prefactor. For this reason, HoCS is the only opportunity to discuss this
effect.

Fig. 3.6 shows the strongly coupled region, that was discussed earlier. However, each tran-
sition is colored with respect to the assigned NSSW. This works as follows: The point group
Chy has four different irreps. A and Ay have a NSSW of 1 and B; and By have a NSSW of
3. Rovibrational infrared transitions are only allowed between A; and Ay as well as between
By and By. For this reason, the NSSW of the initial state and final state are equal, and there-
fore the coloring of the transition also encodes the irreps of the corresponding rovibrational

states (apart from parity). Except for the area around the two fundamental bands v4 and 15
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Figure 3.6: Influence of the NSSWs for the strongly coupled region of HoCS. The vibrational basis set includes up to
second overtones and threefold combination bands up to 5000 cm ™1, the 4-tensor was considered up to 2nd order for
the rotational terms and 1st order for Coriolis coupling terms, Jn.x = 45, the VCI space was set to its current default
value levex=5, citype=5 and cimax=15.

at 989.4cm ™! and 989.5 cm ™! the effect of the NSSW can be seen very clearly. The intensity
of the blue bands increases monotonically towards the middle of the figure. The same holds
true for the orange progressions. However, due to the NSSWs the band intensities are alter-
nating. The very complex spectra of asymmetric top molecules can be broken down into more

intuitive patterns, by using a series of analyses like in this subsection this for the NSSWs.

3.2 KETENIMINE

In the first paper [1], which was written in the course of this thesis, ketenimine (CH2CNH)
was studied. Itis a 6 atomic molecule with the point group C;. It is a near-prolate asymmetric
top (k = —0.9981) with two NSSWs, both of which have a value of 24. (For more details
see Ref. [1].) When this paper was published, the RVCI part of the MMOLPRO program was
relying on a number of approximations. For example, only the Oth order of p-tensor for the
rotational term and the Coriolis coupling term had been implemented. For the calculations
performed in the course of this thesis, the expansion of the pi-tensor was increased to 2nd or-
der for the rotational terms and 1st order for the Coriolis coupling terms. Due to the lack
of optimization, it was also not yet possible to choose the size of the vibrational basis Ny,

and the total angular momentum J to be high at the same time. For this reason, the com-
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promise of Jm.x = 70 and Ny, = 27 was used at that time. It has been shown that in such
cases the convergence of Jm,y is more important than the consideration of some more high
vibrational states which themselves have no intensities but may be needed for couplings. Nev-
ertheless, Ny, = 58 vibrational states could now be considered. The convergence of Jmay was
also reconsidered, but it was found that Jy,,,x = 80 does not add any significant rovibrational
lines. Furthermore, due to the memory savings in the RVCI program and an optimization
by Mathea in her PhD on the VAM terms, it is now possible to include the 1D terms on the
diagonal of the VCI matrix. (The memory savings in RVCI are mainly indirect, since the cal-
culations can now be executed on more CPU cores). However, the effects of the higher order
VAM terms are hardly noticeable. Last but not least, there are a number of small changes,
such as default values for thresholds within the VCI and RVCI, the number of basis functions
in the VCI, adjustments due to a better understanding of converged VCI basis functions (see
also Section 3.1) and improvements in the code.

Furthermore, at that time the vibrational transition moments were implemented only for
the case that one of the two vibrational states is the ground state. This also means that the
transition moments between two excited vibrational transitions were not yet implemented.
On the one hand, this prevents the calculation of bot bands'. On the other hand, it also means
that the full RVCI eigenvector for the initial state cannot be considered when evaluating the
intensities. Instead, the eigenvector had to be restricted to the first 2J 4 1 elements belonging
to the vibrational ground state. This approximation has been shown to work relatively well
because, first, the initial rovibrational state always belongs to the vibrational ground state (as
long as no hot bands are considered) and thus the most important part (with the largest co-
efficients) is included. On the other hand, the vibrational ground state is usually only weakly
coupled with other vibrational states. Nevertheless, this limitation has now been removed,
and due to the introduction of thresholds and parallelization, no additional computational
time is required for the evaluation.

However, the major change compared to the earlier work concerns the quantum number
assignment. The introduction of the MSRB as well as the use of the partial trace method (see
Chapter 2) and the possibility that a set of quantum numbers v and & can now be assigned
more than once, has led to a significantly improved assignment. The previous limitation on
the assignment, of these two bad quantum numbers resulted in two figures being shown for
each spectrum. The lower figure shows the result for the uncoupled system (calculated by
RCI), where the quantum numbers can be assigned unambiguously. Thus it was possible to
color code the vibrational quantum number v. The upper figure, on the other hand, shows

the RVCI spectrum in a single color. It should be noted that virtually all other rovibrational

A hot band is 2 band centered on a transition between two excited vibrational states, i.e. neither is the overall ground
state.
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Figure 3.7: Overview of the low frequency infrared spectrum of ketenimine. The lower figure corresponds to the original
Fig. 3 in [1] with a comparison between RVCI (a) and RCI (b) results. The upper figure provides most recent results of
a calculation for this thesis, with 58 instead of 27 vibrational basis functions, new quantum number assignment, higher

order coupling terms, etc (see text). Visible contributions are provided by the fundamental bands vg (464cm_1, CCN
in-plane bend, light green), 7 (691 cm ™1, CHy wagging, purple), 711 (876cm ™1, torsion, light blue), v (1007 cm ™!,
CNH bend, orange), 5 (1123 cm ™!, CCN stretch, dark blue) as well as the combination band v/g + /15 (881 cm ! dark

green) and the overtone 21vg (927 cm ™! yellow). The color transition between blue and green at 900 cm ™

in the text.

Lig explained
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theory groups worldwide restrict themselves to displaying the spectrum in szngle color, i.e. the
quantum number v is either not assigned at all or only the leading coefficient is considered.
However, the previously mentioned improvements in the assignment in the context of this
work make it possible to perform the color coding directly in the RVCI spectrum and still

obtain consistent results in the vast majority of cases.

Fig. 3.7 shows a comparison between an original figure of Ref. [1] (bottom) and the result
of the most recent calculation (top). First of all, the rough position of the vibrational bands has
remained largely the same. Since this is determined by the VCI calculation and the majority
of changes in the calculations are done for the RVCI calculations, this was to be expected.
Moreover, the shape of the progressions are essentially the same as those from the RVClI figure,
but the color coding corresponds to that of the RCI figure. However, upon closer inspection,
some differences in the progressions can be identified. These are discussed in the enlarged Fig.

3.8 and 3.9 plots.

The low frequency spectrum in Fig. 3.8 shows that neither the additional vibrational states,
nor the higher order coupling terms influenced this region significantly. Moreover, the quan-
tum number assignment is very consistent, even in the challenging areas, like the strongest
coupling region around 425 cm™! to 450 cm™!. An experienced spectroscopist can also see
the different progressions for different quantum numbers k for the vg mode. The only ma-
jor differences between the two RVCI calculations are the small artifacts around 435 cm™!
in the old calculations. In contrast, Fig. 3.9 shows a variety of changes compared to the old

calculations. The three most notable differences are as follows:

1. The fine structure of most modes are irregular/rugged in the older calculations. There
are several reasons for this phenomenon. By far the largest reason is unstable lines
[75, 125], that is rovibrational transitions related to (quasi-)degenerate rovibrational
states belonging to the same quantum number J. For this reason, the eigenvectors of
these states are not well defined and span a multidimensional subspace. Initially, an at-
tempt was made to solve this problem by introducing a specific orientation by orthogo-
nalizing and rotating the eigenvectors in a specific way. However, this did not lead to a
proper stabilization of the unstable lines. For this reason a perturbation algorithm was
introduced that creates a very small perturbation in the order of 1 x 10~%cm ™. This is
sufficient to lift the degeneracy numerically and thus prevent unstable lines. It should
also be noted, that increasing the number of coupling terms and vibrational basis func-
tions somewhat reduces the number of unstable lines. However, some of the unstable
lines could never be resolved with additional coupling, but only with the perturbation
algorithm. Other reasons for the irregular fine structure may be the aforementioned

ground state transition moments approximation and an insufficient convergence of the
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Figure 3.8: Low frequency infrared spectrum of ketenimine. The lower figure corresponds to the original Fig. 4 in [1] with
a comparison between RVCI (a) and RCI (b) results. The upper figure provides most recent results of a calculation for this
thesis, with higher order coupling terms, a new quantum number assignment, 58 vibrational basis functions, etc (see text).
The two lowest fundamental bands /19 (406 cmfl, CCN out-of-plane bend, VCI intensity O.4km/mol, purple) and vg
(464cm™!, CcCN in-plane bend, VCl intensity 19.8 km/mol, light green) as well as small contributions of v7 (691 cm™
CH9 wagging, orange).
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Figure 3.9: Infrared spectrum of ketenimine in a strongly coupled region. The lower figure corresponds to the original

Fig. 5 in [1] with a comparison between RVCI (a) and RCI (b) results. The upper figure provides most recent results of a

calculation for this thesis, with higher order coupling terms, 58 instead of 27 vibrational basis functions, new quantum

number assignment, etc (see text). Significant contributions come from the fundamental bands 7 (691 cm_l, purple),
11 (876 cm ™, blue), V10 (980cm ™1, red, barely visible) and vg (1007 cm ™! orange), the combination band vg +

V12 (880 cm ™! dark green) and the overtone 215 (927 cm™1 yellow). The color transition between blue and green at

900cm s explained in the text.
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VCI wave functions. However, the latter would usually be significantly stronger (see

also Section 3.1).

2. The overall structure of the green and blue bands g + 12 and v11 changes significantly.
In Ref. [1] it was already noted that this region is very demanding for several reasons.
On the one hand, because the two modes are only separated by 4 cm™!. On the other
hand, because there are some additional vibrational bands, such as vy (three orders of
magnitude less intensity than 1) and v%, (more than five orders of magnitude less inten-
sity than v). A large variation in the intensities are numerically especially demanding.
Last but not least, the coupling between the bands g + v12 and 11 requires a change
of 3 modes in the vibrational quantum number and therefore it was discussed in Ref.
[1] that the 1st and 2nd order rotational and Coriolis coupling terms could be needed.
The strong coupling between these two bands causes an inconsistent assignment of the
quantum number v, which results in the color change between blue and green. Fur-
ther analysis has now shown a posteriori that the 1st order coupling terms are sufficient,
but the Oth order terms are not, and that no further vibrational states are needed (by

comparing different recent calculations).

3. The four largest peaks for the purple 17 mode are degenerate to two peaks in the newer
calculation. The origin of this problem is relatively difficult to explain, since additional
coupling terms and vibrational basis functions should remove degeneracies, and not in-
troduce additional ones. Moreover, the fact that there is an energetic degeneracy also
means, that the origin of the phenomenon lies in the (ro-)vibrational energies (eigenval-
ues) and not in the eigenvectors or in the intensities. Thus, neither unstable lines nor

missing transition moments can explain this issue.

A final insight of Fig. 3.9 concerns the assignment of the vibrational quantum numbers.
There are some strongly coupled regions in the figure that show a consistent assignment of this
quantum number. However, the blue v11 and the green vg + v bands clearly demonstrate
the limitations of the current implementation. Compared to previous assignment methods, it
is already a success that even in this region the coloring is consistent within each progression.

Four relatively strong vibrational bands can be found in the spectral region from 1950 cm ™!
to 2150cm™!. Nonetheless, the previous study has shown that there is a surprisingly low
amount of coupling. Considering the most recent results in Fig. 3.10, this is not due to the
absence of higher order coupling terms, but reflects the physical reality. Within this spectral
range, five additional vibrational bands are considered. All of them were excluded in the orig-
inal publication, since their intensity nearly vanishes (lower than 0.04 km/mol in comparison
t0 203 km/mol for 3. In Fig. 3.10 some transitions are assigned to v19+vg (blue) , v11+v5 (yel-

low) and v2 (black). However, it is clear, that the assignment in this region is at least doubtful.
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Figure 3.10: Rovibrational spectrum of ketenimine in the region of the strongest fundamental band 3 (2042 cm_l, CCN
stretch, green). The lower figure corresponds to the original Fig. 6 in [1] with a comparison between RVCI (a) and RCI (b)
results. The upper figure provides most recent results of a calculation for this thesis, new quantum number assignment,
higher order coupling terms, etc (see text). In addition to the /3 mode, the overtones 211 (1955 cm_l, purple) and
206 (1975 cm ™!, orange), as well as the combination band 5 + 1 (2131 cm ™1, red) provide visible contributions this
spectral range. Additional bands only considered in the more recent calculation are 1 + g (1988 cm™ L, bright-blue),
Vi1 + v5 (1999cm ™1, vellow), v19 + 5 (2102cm ™1, dark-blue, not visible), 17 + v4 (2154cm ™1, dark-green, not
visible) and V;’ (2012 cm ™!, black)
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Figure 3.11: Rovibrational spectrum of ketenimine in the region of XH stretching fundamentals. The lower figure corre-
sponds to the original Fig. 7 in [1] with a comparison between RVCI (a) and RCI (b) results. The upper figure provides most
recent results of a calculation for this thesis, new quantum number assignment, higher order coupling terms, etc (see text).
Three fundamental bands /5 (3048 cm ™!, symmetric CHy stretch, orange), Vg (3133 cm ™!, anti-symmetric CHy stretch,
purple, barely visible) and 11 (3315 cm_l, NH stretch, light green) are shown, as well as the combination bands v5 4 5
(3042cm ™!, blue) and /3 + 1 (3151 cm ™!, red). Comparison between RVCI (a) and RCI (b) results.
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Figure 3.12: Close up of the high energy infrared spectrum of ketenimine in a dot plot, instead of the previous bar plots.
In the region of XH stretching fundamentals. The fundamental band /5 (3048 cm ™!, orange) and the combination band
v3 + s (3042 cm ™!, blue) are shown.

Therefore, an analysis for the details in this region is not provided. In summary, neglecting
the higher order yi-tensor terms and additional vibrational modes yields a reasonable approxi-

mation for this region.

In Ref. [1], another region with several nearby vibrational bands, but only weak coupling,
could be found between 3000 cm™! and 3450 cm™!. However, by considering higher order
coupling terms, the band shapes for the two lowest vibrational transitions change drastically,
in Fig. 3.11. A very similar band shape with a compression of the lines followed by a sudden
end of the progression was also observed and analyzed in Ref. [3, 124]. Using a dot plot in-
stead of a bar plot and enlarging the region of interest shows that the progression does not
actually end (see Fig. 3.12). Instead, the R-branch turns around and has a decreasing fre-
quency for an increasing quantum number J, which would be the expected behavior for the
P-branch. In Ref. [3], this phenomenon was explained by the fact that the centrifugal dis-
tortion increases faster in the initial vibrational state than in the final vibrational state. As a
result, the rovibrational energies associated with the lower vibrational state also increase faster
than those associated with the upper vibrational state, leading to a decreasing frequency for
larger J (see Ref. [1] for details). Besides this unusual effect, several more differences occur
when comparing the original results of Ref. [1] and the more recent calculations in Fig. 3.11.
For example, the intensity ratios are different, which is due to changes in the VCI calcula-
tions. Moreover, the older calculation shows a small number of transitions sticking out of the

rest of the progressions (at 3050 cm™! and 3360 cm™?). This behavior vanishes in the more
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recent calculations due to the additionally considered vibrational transition moments. The
previously mentioned issue of an irregular fine structure, is again related to unstable lines and
therefore resolved by the perturbation algorithm.

In conclusion, many of the previously necessary approximations did not influence the spec-
tra drastically and yielded good results despite the early stage of implementation. For example,
in the regions shown in Fig. 3.8, 3.10 and around 3100 to 3450 cm ™!, only minor changes ap-
pear. However, there is a number of improvements, which shows that the quality of the RVCI
results could be significantly increased within the last three years. This can be seen for exam-
ple in Fig. 3.11 between 3000 to 3100 cm™!. Moreover, an assumption stated in Ref. [1]
was confirmed, that is higher order p-tensor terms are needed, when there are at least three
vibrational modes that differ between two vibrational szates. This happens for example in the
coupling between 15 + v12 and v11. Another interesting finding, which could only be solved
with the latest version of the RVCI implementation, was the turnaround progression between
3000 and 3100 cm 1.

3.3 LINE BROADENING

In the previous sections, infrared rovibrational spectra were presented using bar plots with-
out line broadening. To compare different theoretical spectra, it is common to neglect any
line broadening, as this allows for a better analysis. However, to compare results with ex-
perimental groups, line broadening must be taken into account. There are many different
broadening profiles to consider the different broadening effects with very different accu-
racy. These range from relatively simple Lorentz and Gaussian profiles to Voigt and beyond
Voigt profiles [119, 126, 127]. Most of the more sophisticated methods are used for small
molecules(2 — 4 atoms), such as No, Oy, HoO[128], CO2[119], NH3, CHy[129] with low
rovibrational state density. For this reason, different types of line broadening were investi-
gated in the early stages of this PhD. However, only three different types of line broadening
are now implemented in MOLPRO, as mentioned in Section 2.4. This is due to the fact, that
larger molecules with a higher rovibrational state density are considered. Therefore, it should
be sufficient to use a relatively simple broadening model. This assumption is discussed and
verified in this section.

The environmental conditions considered in this work range from the ISM at 7" = 10K
and p = 1 x 10713 Pa up to terrestrial conditions at 7 = 300K and p = 1 x 10°Pa. To
show the influence of different types of line broadening, the terrestrial conditions are much
more interesting. This is due to the extremely low pressure in the ISM. Therefore, there is
virtually no pressure broadening (described by a Lorentz profile) and additionally the Voigt

profile is almost identical to the Gaussian profile (describing temperature effects). In contrast,
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for terrestrial conditions, the Voigt profile is dominated by pressure broadening, resulting in
only small contributions from the Gaussian profile. However, the FWHM between pressure
and Doppler broadening (responsible for temperature effects) is separated by only one order
of magnitude for terrestrial conditions, in contrast to 1o orders of magnitude for the ISM.

The study of line broadening is based on the Ref. [3], i.e. propynal (CHCCHO) isused asa
benchmark molecule. Itisa 6 atomic molecule with point group Cs, with two identical NSSWis
of gns = 4. Moreover, propynal is a near-prolate asymmetric top molecule (x = —0.990). (See
Ref. [3] for more details.)

Fig. 3.13 shows the lowest vibrational mode of propynal in a bar plot and with three dif-
ferent types of line broadening. A comparison of the Doppler broadening with the tem-
perature broadening shows almost identical cross sections with respect to the macrostruc-
ture. As is typical for a broadened spectrum, there are nearly degenerate transitions that
give rise to particularly strong single peaks that stand out from the progression. The only
difference between Doppler and temperature broadening is that the pattern of these out-
lier peaks is slightly different. This result is rather surprising, since the Lorentz FWHM of
Ay, = 4.2 x10"*cm™! is more than one order of magnitude larger than the Gaussian
FWHM of Avg ~ 2.8 x 10> cm L.

The wide spectral range and the fairly high rovibrational state density are the reasons why
the differences between the two profile shapes and widths are barely visible. More precisely,
the fact that the six atomic molecule propynal is relatively heavy (compared to Ha, N2, H2O,
H>S, CH4, NH3, etc) and it has a large moment of inertia tensor results in the high rovibra-
tional state density. Since the difference between the profiles is only in the outer regions, but
these regions are dominated by the next line (due to the high state density), the differences are
not visible. Additionally, propynal is a near-prolate asymmetric top molecule. This results
in a very regular and systematic spectrum in contrast to HoO, HsS for example. This essen-
tially results in an envelope around the P- and R-branches. The only significant features are

the quasi-degenerate lines mentioned above. This has important implications for the further
development of the MOLPRO program:

* The series of rough approximations introduced in Section 2.4 is legitimate, since the
gh app 4 g

influence of the exact line width is often negligible.

* For molecules with 6 — 10 atoms there is no need to consider very sophisticated broad-
ening algorithms. This is in contrast to other theoretical rovibrational groups, which

focus on 2 — 4 atomic molecules with highly accurate semi-empirical PES.

* Hence, the three implemented broadening types already allow for a higher accuracy and

flexibility than is actually required for this type of molecules and calculations.
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Figure 3.13: Comparison between different types of line broadening for the lowest vibrational band of propynal. The
spectrum simulates a temperature of 300 K and a pressure of 1 X 10° Pa. The upper plot shows the spectrum without any
broadening. Pure pressure broadening is considered using a Lorentz profile with a FWHM of Ay, = 4.2 X 107 %em™!
and Doppler broadening is considered using a Gaussian profile with Avg ~ 2.8 X 107> cm™! (depending on the
exact line position) as was calculated in Section 2.4. To consider both effects together, a Voigt profile of width Ay =
4.3 x 10~%*cm~! was used. The computational details for the line list are identical to [3].
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Figure 3.14: Comparison between different types of line broadening for a small number of rovibrational lines of propy-
nal. The spectrum simulates a temperature of 300K and a pressure of 1 x 10° Pa. The upper plot shows the spec-
trum without any broadening. Pure pressure broadening is considered using a Lorentz profile with a FWHM of Ay, =
42 x 10 %*cm™ ! and Doppler broadening is considered using a Gaussian profile with Avg ~ 2.8 X 107> cm™!
(depending on the exact line position) as was calculated in Section 2.4. To consider both effects together, a Voigt profile
of width Aby = 4.3 X 10~ % cm~! was used. The computational details for the line list are identical to [3].
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Since Doppler and temperature broadening yield almost identical spectra, it is not surprising
that the Voigt profile also yields the same result. As mentioned before, unlike the broadened
spectra, the bar plot allows to see the microstructure consisting of many progressions. This is
also the reason why line broadening is only used for comparisons with experiments and not
for the spectroscopic analyses as for example in Ref. [1, 4] and in Section 3.2.

Fig. 3.14 shows a very small spectral range of only 0.03cm™?.

It can be seen that the
difference between the Lorentz and the Gaussian broadened spectra is indeed very signifi-
cant. In addition, the Voigt profile yields a similar result to the pressure broadening. This
is to be expected, since the convolution of the Lorentz function with the very sharp Gaus-
sian peaks is similar to a convolution with a d-distribution. Therefore, the profile should re-
main unchanged. The main conclusion from this figure is that the different types of broad-
ening are correctly implemented and that they behave as expected. In conclusion, the spectral
range shown in Fig. 3.14 is smaller than the expected accuracy of the rovibrational transition
frequencies. Therefore, the accuracy of the applied broadening is higher than what can be

achieved for the line positions.

3.4 RUNTIME OPTIMIZATIONS

Runtime optimizations are critical for quantum chemical calculations in general and for the
simulation of rovibrational infrared spectra in particular. To tackle this challenge, quantum
chemists employ various optimization techniques such as parallelization, which allows the
workload to be distributed among multiple processor cores. Additionally, precalculations
such as contractions or the calculation of specific integrals that appear multiple times can
reduce the number of required calculations. Finally, sophisticated thresholds for the wave
function coefhicients can be set to minimize the computational effort required to achieve a
desired level of accuracy. These optimizations enable more efficient and accurate simulations,

allowing the study of larger molecules.

3.4.1 PARALLELIZATION

One of the most common optimization methods in modern programming is parallelization
across multiple processor cores. Since on one hand the general idea is very clear and on the
other hand the implementation details are extremely specialized, this will be discussed only
briefly and the focus is on the resulting runtime savings. The most important points are that
CPU parallelization is used (in contrast to GPU parallelization) and that there are parts in the
code that will always run in serial and only for certain loops the parallelization will be used.

If the specific loop passes are independent and there is a sufficiently high number of loop
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Figure 3.15: Relative runtime in % normalized to the time for one CPU core. In the theoretical limit, there is no overhead,
i.e. the runtime scaling for . CPU cores corresponds to l/n. Benchmark calculation on HoCS, with 45 vibrational basis
functions, Jax = 49, the p-tensor was considered up to 2nd order for the rotational terms and 1st order for Coriolis
coupling terms, the VCl space is restricted to levex=5, citype=5 and cimax=15. For the calculation on 48 CPU cores,
an issue for the intensity (faint blue) runtime determination occurred. Since this makes that one data point unreliable, it

was excluded.

passes (ideally much larger than the number of CPU cores), than the different passes can be

distributed among the cores. The parallelization is implemented for,

* ... the precalculation of the vibrational integral ( f/i’b‘ o ‘¢iib> of the rotational terms

(see also (2.22)). The loops over the left and right vibrational basis functions are com-

bined. Hence, if for example ny, = 45 vibrational basis functions are considered, than

Nyib (Nyip + 1)/2 = 1035 (for symmetry reasons only a triangle has to be calculated)

tasks are distributed among the CPU cores. This results in a very high parallelization

efficiency.

* ... the precalculation of the vibrational integral )~ <gbf]i{)‘ Tallap |qbf,ib> of the Coriolis
coupling terms. Again, the loops over the left and right vibrational basis functions are

combined, resulting in a very high parallelization efhiciency.
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* ... the build up and diagonalization of the RVCI matrices for the different quantum
numbers J. Hence, for alarge number of CPU cores (> 8) the parallelization efficiency
is much lower, since there are only up to Jiax tasks to distribute. In the following ex-
ample for HyCS Jinax = 45 is lower than the maximum number of CPU cores, that was
considered. However, for large molecules Jy,x can easily increase up to 100. Further
improvements are possible once the block-diagonal structure in the irreps is abused as

well.

* ... the intensity calculations. Again, two loops over vibrational states are combined. In
contrast to the precalculations, where the loops iterate over vibrational basis functions,
in this case the iteration is the assigned initial and final vibrational state. Note that the
number of initial vibrational states is 1, if hot bands are not considered. Therefore, a

high parallelization efficiency is given, if there are at least some hot bands.

* ... the determination of the vibrational transition moments. The aforementioned loop
combination was applied again. However, this part of the program usually takes less
than 1 % of the total calculation time. For this reason, and because of the low accu-
racy of measuring short time intervals (< 5's), they will not be analyzed in the further

discussion.

For the benchmark calculations it was necessary to chose a small molecule with low mem-
ory demands. Otherwise the use of up to 48 CPU cores would not be feasible. For this reason,
HyCS with ny;, = 45 vibrational basis functions, Jy,.x = 45, 2nd order p-tensor for the rota-
tional terms and 1st order for Coriolis coupling terms was considered. A larger value for Jiax
and n;, would have been beneficial for the parallelization, but unrealistic and unnecessary for
such a small molecules. Hence, this can be understood as a lower bound for the parallelization
efficiency. In Fig. 3.15 the two types of precalculations (dark and bright green) nearly reach
the maximum possible efficiency, with 158 s (rotational term) and 383 s (Coriolis term) for
the single core calculations and 4.5 s and 10.1's for the 48 core calculations. As mentioned
before, the parallelization efficiency is the lowest for the build up and diagonalization of the
RVCI matrices (especially for more than 8 CPU cores) and significantly better for the deter-
mination of the intensities (bright blue). A problem in the runtime tracking for the 48 core
intensity calculation, is the reason that there is one data point missing. The pink curve in Fig.
3.15 shows the overall parallelization efficiency of the RVCI. The exact numbers show that a
48 core calculation requires about 5.3 % of the time for a single core calculation. In contrast,
the theoretical limit would be 1/48 = 2.1 %. This shows that the parallelization is already very

efficient, even though the molecule is relatively small.
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Table 3.1: Wall clock times of different parts in the RVCI program with precalculations ¢ ppec,1. and without precalculations

7fInitial

Pfogfam part tInitial [S] tPrecalc [S]
MSRB determination: 9.8 9.2
Precalculation rotation terms: — 158.1
Precalculation Coriolis terms: — 382.6
RVCI energies: 26915.4 3155.5
Vib. trans moments: 22.5 22.4
Infrared intensities: 4842.6 4857.1
RVCI-Total: 31842.7 8562.5

Note: Single core benchmark calculation for HoCS with ny, = 45 vibrational basis functions, Jyn.x = 45, 2nd order
pi-tensor for the rotational terms and 1st order for Coriolis coupling terms. Calculation was performed during implemen-

tation of the precalculation, hence calculation times can differ from most recent version of the code.

3.4.2 PRECALCULATIONS

The first runtime optimization introduced in the course of this PhD is related to precalcula-
tions of vibrational integrals for the RVCI matrix. As mentioned before, the rotational term

can be written as,

> (S| Hap |8 (Bror] TaTs | D) (3.1)

apef{z,y,z}

with a vibrational integral (¢! ib| Lo ‘ ") and a rotational integral (¢}o| JaJ5 | ). In ad-

rot

dition, the Coriolis coupling term is given by

1 / 1/ / 1
9 Z <¢Vib| Tallaof ‘¢vib> <¢rot| ‘]ﬁ ‘¢rot> (3.2,)

apfe{z,y,z}

plus a commuted term. There is also a vibrational integral <¢; b ‘ Tkl |¢’V’ib> and a rotational
integral (¢1..| J3 |@h;) for this term. The trivial way to implement this would be to calculate
the vibrational integrals for each of the Jy, different RVCI matrices. However, since these
integrals are independent of J, they are the same for all RVCI matrices. In Tab. 3.1, the run-
time savings are very large. About 86% of the computational time or about a factor of 8 can
be saved. The only disadvantage of this optimization is that two additional arrays have to to
be stored. However, they are much smaller than the RVCI coeflicient array and the intensity

array. Therefore, this additional memory demand can be neglected.
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Table 3.2: Wall clock times of different parts of the program with contraction £cgoneracted @and Without contraction Tyl

Program Part tInitial [S] 7fContracted [S]
Precalculation terms: 4.5 4.4
RVCI energies: 3200.1 3251.6
Infrared intensities: 6312.6 1616.9
RVCI-Total: 9614.5 4969.8

Note: Single core benchmark calculation for HoCS (nyi, = 25 vibrational basis functions, Jm.x = 70, Oth order rota-
tional term, Oth order Coriolis coupling term). Since the calculations are performed during implementation, the times
can differ for most recent program version. 126 024 rovibrational states and 2 467 195 rovibrational transitions were cal-

culated, with 118 739 transitions being significant enough for printout (relative intensity larger than 1 x 107°).

Table 3.3: Wall clock times of different parts of the program with contraction £coneracted @nd without contraction Typiial

Program part tinicial [S]  contracted [5]
Precalculation terms: 56.5 56.9
RVCI energies: 683.5 735.7
Infrared intensities: ~ 248570.6 6672.2
RVCI-Total: 249313.4 7467.4

Note: Single core benchmark calculation for ketenimine (nyi, = 22, Jpax = 50, Oth order rotational terms, Oth or-
der Coriolis coupling terms). 127 448 rovibrational states and 5 634 178 rovibrational transitions were calculated, with

459017 transitions being significant.

3.4.3 CONTRACTION

Analyses within this PhD have shown that neither the rigid rotor basis (RRB) nor the Wang ba-
sis (WB) allow for an accurate quantum number assignment of k. For this reason the molecule
specific rotational basis (MSRB) was invented in the course of this PhD. Since the latter is a
linear combination of the RRB or the WB, an additional loop over the number of MSRB
coeflicients occurs in the intensity calculation. More precisely, both the initial and the final
rovibrational state require this additional loop. Thus for a calculation with Jy,x = 50 this
yields up to (2. + 1) = 10201 times more iterations over the innermost routines of the in-

tensity calculation and for Ji. = 70 it gives (2J + 1)? = 19881 times more iterations.

However, it is possible to remove these additional loops. To do this, the MSRB coefficients
need to be contracted with the RVCI coefficients. This effectively means that the RVCI coefti-
cients are transformed from the MSR B to the RRB or WB. Since similar contraction methods
are already used in MOLPRO, the technical details will not be discussed here. However, the

amount of computational time saved will be quantified.

Two different benchmark calculations are provided, since the results are extremely sensi-
tive to the considered molecule. Note that an older version of the code was used to calculate

these timings, as there is no permanent keyword to switch between the uncontracted and the
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contracted versions of the program. For HoCS it can be seen in Tab. 3.2 that the calculation
of the RVCI energies and eigenvectors takes about 51's or 1.6 % more due to the additional
transformation at the end. However, the intensity calculation takes about 74 % less time. For
the total RVCI computation time, this results in a saving of only about 50 %. There are two
reasons for this: First, due to the small number of rovibrational transitions compared to the
number of rovibrational states, the energy calculations require an unusually large amount of
time. Second, it was found that the influence of the MSRB is smaller for HoCS compared to
ketenimine or propynal. This means that the vectors of the MSRB transformation have large
leading coefficients for HoCS. As a result, many of the iterations in the two additional loops
could be skipped. For ketenimine Tab. 3.3 shows that the energy and eigenvector calculation
time increases by 7.6 %, but the intensities are determined 97 % faster. Since for ketenimine
the intensity calculations dominate the total RVCI computation time much more, the overall

savings are also much higher for ketenimine.

3.4.4 RVCICOEFFICIENT THRESHOLD

In quantum chemical calculations, it is a common phenomenon that time-consuming loops
over a large number of eigenvector coefficients occur. In most cases, only a minority of the
coeflicients contribute to the majority of the final result. Therefore, it is common to skip the
loop pass if the coefficient is smaller than a certain threshold. Common examples of this are
during the calculation of Hamiltonian matrix elements or intensities. In both cases, it is usual
that the coefficients occur in pairs, since both bra and ket contribute with a coefficient. In
this case, it is not obvious how to best apply the threshold. In the course of this thesis, three
different ways of applying the thresholds have been studied. This seems to be a rather small
detail, but it turned out that there is a large potential for runtime savings. Moreover, many of
the results can be generalized and used for different types of quantum chemical simulations.

Checking both coeficients individually with the same threshold will be called both coeffi-
cients method (BCM). In the case of a small coefficient in the outer loop, this has the advantage,
that the entire inner loop can be skipped. However, there are two zf statements that need to be
checked. If the skipping-ratio, i.e. the number of coefficients below the threshold divided by
the number of all coefficients, is not small enough, it produces a lot of unnecessary overhead
to check the 7f statements. Another disadvantage occurs when both individual coefficients
are a bit too large to be skipped, but the product is small enough to be skipped. However, this
is never checked with the BCM.

In contrast, the product only method (POM) applies the threshold to the product of the co-
efficients and not to the individual coefhicients themselves. Since this method is more selective,
it should be possible to choose a higher threshold, i.e. more calculations can be skipped. One

of the main advantages is, that in total more cases will be skipped, since the product of two



78 3.4. Runtime optimizations

Table 3.4: Comparison for the three different threshold methods.

Both Coeflicients Product Only Hybrid
Threshold ts] visual = Tans t[s] visual = M ts] visual = Ngans
1x 1072 1013 X 50566 7158 X 55544 1012 X 55544
1x 1073 1194 X 19874 7225 X 46820 1186 X 46820
1x107% 1561 o 1842 7220 o 29034 1525 o 29034

1x107° 2140 48 7197 7073 2044 7073
1x10°°¢ 2774 0 7214 850 2621 850
1x1077 3399 0 7276 0 3184 0
1x10°8 3996 0 7357 0 3724 0

Note: The total number of transitions is 86387.

coefhicients will always be smaller than the individual coefficients. The other advantage is, that
the threshold will be checked only once, hence there are potentially less 7/ statements. How-
ever, a major disadvantage is that, unlike with the BCM, the inner loop cannot be skipped

entirely. Therefore, in some cases it may actually require more 7f statement calls.

The hybrid method (HM) tries to combine the advantages of both previous methods. It
uses both a threshold on the first coefficient and a threshold on the product. The former has
the potential to skip the entire inner loop, as mentioned above. The only disadvantage of HM
compared to POM is that there are two 7f statements instead of one in the POM. This should

only come into play when the skipping-ratio is extremely small.

Since these benchmarks were performed at an earlier stage of the PhD, the reference calcula-
tion uses a less time consuming parameter set, than the previous ones. For this reason, HoCS
with n.y, = 25 vibrational basis functions, Jy., = 35, 1st order p-tensor for the rotational
terms and Ost order for the Coriolis coupling terms was considered. To compare the results,
two different methods are used to judge whether the influence of the thresholds is reasonably
small. The first metric is the number of transitions that differ between the reference calcu-
lation without a threshold and the specific calculation with the threshold. This is denoted as
Ngrans i Tab. 3.4. Note that transitions are only printed, if their strength is at least 1 x 10~ ¢ of
the strongest line in the spectrum. Moreover, there are 86387 transitions printed in total and
they are considered “different” if their change in intensity exceeds 1%. Thus, for a threshold of
1x 1074 using the BCM yields a total of 1842 changinglines, i.e. 2.1% of the lines are changed
by the threshold. However, this metric is somewhat problematic, because it does not distin-
guish whether the 1% change in intensity is on a strong or a weak transition. This is solved
by the second metric, which is done by visual inspection of the spectra. Although this may
not seem very scientific and is not automated, it has the advantage of not being susceptible to
numerical noise. In the end, the goal was to provide a binary label of whether the system had

converged or not. However, it turned out that distinguishing between three different states
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reflects the reality much better. In Tab. 3.4 the symbol v denotes no changes in the spectrum,
X denotes significant changes and a o mark barely visible changes. In addition, Tab. 3.4 shows
the computation time in seconds for the three different methods. Each method converges at
about the same threshold, according to the visual inspection. This makes the analysis much
easier, since the quality of the spectra at a given threshold can be assumed to be roughly the
same for the different methods.

Tab. 3.4 shows that the BCM leads to a lower number of modified transitions than POM
for equal thresholds. This is to be expected since the product of the coefficients is always
smaller than the individual coefficient and therefore more loop passes are skipped. Moreover,
the POM and HM yield the same results in terms of 7ans, which could also be expected for
the same reason. The visual comparison shows that the large differences in rnans between the
BCM and POM are much less significant, than they appear from the raw numbers. The most
important result, however, is the runtime advantage of BCM and HM over POM. While the
POM saves about 5%, the other two methods can save up to 80% of computational time with-
out losing too much accuracy. This is due to the fact that POM cannot completely skip the
entire inner coefhicient loop, while BCM and HM can. The other important finding is, that
BCM is only slightly slower than the HM. This is despite the fact, that it leads to one order of
magnitude lower ns in the interesting threshold range between 1 x 10™*and 1 x 107¢. In
conclusion, although the topic discussed in this subsection may seem unimportant, it could
be shown that there are significant runtime improvements possible by choosing the appropri-
ate method. Since similar methods are used for the build up of the RVCI matrix and the VCI
matrix, there is also a significant potential for generalization. Moreover, these results can be
improved by introducing sparse coefficient arrays. In this case, the if statements are applied

only once per coeflicient, as opposed to many times in the intensity calculation.
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Summary and Conclusion

A new implementation of rovibrational configuration interaction (RVCI) theory has been de-
veloped in this thesis for the determination of rovibrational energies and infrared intensities
using configuration interaction theory. The approach is based on a multi-mode expansion
of the multi-dimensional potential energy surface (PES) and dipole moment surface (DMS),
incorporating vibrational self-consistent field (VSCF) theory and vibrational configuration
interaction (VCI) theory. Unlike the previously developed rotational configuration interac-
tion (RCI), the new approach accounts for the interaction between rotational and vibrational
bands by using a direct product between vibrational and rotational basis functions. The rota-
tional and Coriolis coupling terms are implemented including the higher order terms of the
inverse effective moment of inertia tensor y of the Watson Hamiltonian. In addition, a new
rotational basis function called molecule specific rotational basis (MSRB) is introduced to im-

prove the assignment of the quantum number k.

For the convergence of various series expansions for the RVCI theory HoCS is used as a
benchmark molecule. In contrast to Ref. [2], this work shows mainly qualitative differences
in the spectra. Five different parameters are considered in terms of their convergence behavior,
with some of them showing a very individual phenomenon in the spectrum if not sufficiently
converged. The calculations obtained with smaller Jp,x show an artificial additional band

head. Since this is always the case when Jn,y is not converged, it is relatively easy to detect in
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most cases. The artifacts caused by an improper convergence of Jy.x are significant and are

therefore not a valid compromise to save computation time.

Larger molecules such as ketenimine and propynal depend critically on the convergence of
the CI space. This applies not only to the VCI energies but also to the wave functions. A
slightly too small CI space will only result in frequency and intensity shifts. In this case, the
VCI wave functions are largely converged. In contrast, the effect of an insufficiently converged
VCI wave function leads to extreme artifacts and there is almost no agreement with the correct
spectrum. Consequently, the VCI energies are a weak indicator for the convergence of the

corresponding wave functions. A better indicator is provided by the VCI intensities.

The size of the vibrational basis set is a crucial parameter in terms of quantitative changes,
but the qualitative changes are much more subtle than for Ji.x and for the CI space. The over-
all structure remains relatively unchanged regardless if only 4 or 45 excited vibrational bands
are considered. A larger vibrational basis set leads to shifts for these bands, but an insufficient
convergence does not lead to artifacts and is therefore difficult to detect. Usually the spec-
tral separation between different vibrational bands is a good indicator for the strength of the
coupling.

A characteristic feature of HoCS is the particularly strong Coriolis coupling between two
quasi-degenerate vibrational modes. The Oth order Coriolis coupling is very significant in this
region. A comparison of the Oth order Coriolis coupling with the 1st order shows almost no
difference in the macrostructure. In contrast to the Coriolis coupling terms, the rotational
terms require a one order higher yi-tensor expansion. A comparison between the Oth and 1st
order rotational terms shows shifts for progressions of at most S cm™!. The changes induced
by the 2nd order terms are not visible on a 40 cm ™! wide plot range. Moreover, it should be
noted that there are hardly any intensity shifts visible. In addition, the absence of higher order
coupling terms does not cause artifacts in the spectrum. This is in contrast to an insufficiently
converged CI space or Jm,x. Hence, alack of higher order coupling terms is much more diffi-
cult to spot in the resulting spectra.

The first paper [1] written in the course of this thesis studied ketenimine (CH2CNH). The
calculation in that paper relied on a number of approximations, that could be removed over the
last years. Most of these approximations did not drastically affect the spectra. Except for the
regions at 800 to 950 cm™ ! and 2900 to 3100 cm ™! there are only minor changes. However,
the quality of the quantum number assignment, the consistency of the intensities and the
consideration of coupling has improved significantly over the last three years. This can be
seen for the v band and for the strong coupling between vg + v12 and v11. The latter two
bands also confirmed an assumption made in Ref. [1] that higher order p-tensor terms are
only needed when at least three vibrational modes difter between two vibrational szates. The

new calculations also revealed an interesting turnaround progression in this region.
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The line broadening study is based on the Ref. [3] using propynal (CHCCHO) as a bench-
mark molecule. For small molecules (N2, HoO, CHy, NH3, etc) different broadening profiles
(for different broadening eftects) have been invented, ranging from Lorentz and Gaussian
profiles to Voigt and beyond Voigt profiles. Since the RVCI theory is specialized for larger
molecules (6 — 10 atoms), it was assumed that the more sophisticated broadening profiles were
not needed. However, Lorentz, Gaussian, and Voigt profiles have been implemented during
this PhD project. Although the Lorentz FWHM is more than one order of magnitude larger
than the Gaussian FWHM under terrestrial conditions, a comparison of the Doppler broad-
ening with the temperature broadening shows almost identical cross sections for propynal.
The reason for this is that the high mass (compared to No, HoO, CHy4, NH3, etc) and the
larger moment of inertia tensor lead to the high rovibrational state density. This confirms the
assumption that for molecules with 6 — 10 atoms there is no need to consider sophisticated
broadening algorithms.

Four different types of runtime optimizations have been implemented and analyzed in this
thesis. The parallelization scales almost perfectly in the number of CPU cores for the two
types of precalculations and intensity calculation. Only the RVCI matrix build up and diag-
onalization saturates at 8 CPU cores for small molecules. The precalculations of vibrational
integrals save about 86% or a factor of 8 in total computation time. The contraction of the
MSRB coefficients and the RVCI coefficients result in a total computational time reduction
of 50% for HoCS and 97% for ketenimine. Lastly, a comparison between different implemen-
tations of the RVCI coefficient thresholds showed that the most efficient way is to check both

thresholds individually with up to 80% runtime savings.
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Outlook

To achieve the goal of predicting infrared reference spectra for 6-12 atomic biologically rele-
vant gases at 7oom temperature for a broad spectral range, with MOLPRO, no additional fea-
tures are actually needed. Instead, the main problem lies in the memory requirements and the
runtime efficiency of the program. Thus, the calculation of the three applications presented
in this thesis was only achieved through compromises in one or more of the above aspects:
in some cases, 4-atomic molecules were calculated (which is on the edge what other research
groups can also calculate), or the spectral range had to be very small (see [3], 6 atoms but
only 0 to 350 cm™!). In addition, the focus was on low temperatures in the range from 10 to
200 K as found in the interstellar medium (ISM). These results are very valuable and useful for
the ISM community and ofter many further applications in the future. However, the current
state of the program is still not quite performant enough to calculate larger molecules at higher
temperatures, mainly due to computational efficiency. Therefore, at first various methods to
improve the efficiency will be presented (see Section 5.1). Subsequently, a series of additional
functionalities will be introduced to make the program more universally applicable (see Sec-
tion s5.2). Last but not least, an outlook is given for a number of projects that were started as
part of this PhD but were not originally planned and therefore have not yet come to a final

conclusion (see Section 5.3).
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5.1 RUNTIME AND MEMORY SAVINGS

The RVCI matrix has a block-diagonal structure in the J quantum number, which is of course
exploited. In addition, there is another block-diagonal structure in the rovibrational irreps.
Exploiting this symmetry-based optimization requires the use of one of the two Wang bases
mentioned before. This rotational basis was implemented by Erfort. In this thesis, an algo-
rithm was implemented that swapped the rows and columns of the matrix to visualize this
block diagonal structure for the matrix build up and diagonalization. However, this was only
for testing purposes, to check if the Wang combinations and the MSRB are implemented cor-
rectly. Based on this, it is now possible to actually exploit the block diagonal structure with
little effort. This would have several advantages: There are memory savings due to shorter
eigenvectors. ( For example, for Cy or Cg symmetry by a factor of 2, for Cy, symmetry by a
factor of 4, etc.) An equally important effect is the runtime savings: On the one hand, because
fewer matrix elements have to be calculated, on the other hand, because the diagonalization is

faster, and last but not least, because the vectors become shorter for the intensity calculations.

Another, and perhaps the most powerful way to save memory is to exploit sparsity in the
array that saves the RVCI eigenvector coefficients. This is allocated at full size prior to com-
puting the RVCI matrices and is one of the two most memory consuming arrays in RVCI,
along with the array storing the intensities and transition moments. The main reason why the
memory optimization is so crucial is that the parallelization can no longer be used in a mean-
ingful way due to the vast amount of memory required. For example, a calculation for a 6
atomic molecule, with a vibrational basis of about 100 states and Jm,x = 100 requires in some
cases 150 GB working memory. This only allows the computation to be done on 3-6 cores
instead of 48 cores otherwise. This is mainly a technical problem. The exploitation of sparsity
combined with parallelization and the static memory management of A/ OLPRO make this
task challenging. Since the array that stores all eigenvectors is allocated prior to setting up the
RVCI matrices for different J values in parallel and diagonalizing them, the knowledge of how
large the sparse eigenvector array has to be is missing during allocation. A possible solution
could be to write the eigenvectors temporarily in a sparse way on the disk and to read them

later again.

As mentioned before, there are two arrays which cause most of the total memory require-
ments. One of the two arrays stores the intensity and the transition moments. Since for asym-
metric top molecules only the selection rule for .J is valid but not the rule for k, and k., there
is an extremely high number of rovibrational transitions which are taken into account, but
only a small part of them has meaningful intensity. For instance, during the calculations for
DPNN, 1 x 10® transitions were initially considered, although ultimately only 4 x 10° tran-

sitions had a sufficiently high intensity of 0.1 % relative to the most intense rovibrational line
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in the spectrum. Concerning the 6 atomic propynal, 1.7 x 10® transitions were first consid-
ered of which 1 x 107 had a relative intensity higher than 0.001 % (very conservatively cho-
sen). Moreover, for each transition, both the temperature-independent rovibrational transi-
tion moment and the intensity for each desired temperature are stored. Thus, an array size of
more than 1 x 10” entries is achieved easily. However, by using the program within this PhD,
it has been shown that calculating and storing the transition moment without any intensities
is perfectly adequate and is also common in the community. To determine the temperature
dependent prefactor for the thermal occupation of the states and thus the intensities only the
partition function for the corresponding temperature is required. Thus, the size of the array
can be reduced to the number of transition moments. Furthermore, sparsity could be used
for this array as well, since a large amount of considered transitions has no meaningful inten-
sity. An easy solution for the abuse of sparsity is prevented by the fact that neither linked lists
nor dynamic memory management can be used in MMOLPRO. A possible workaround is a
batch mode that occasionally prints the already calculated values and keeps only a part of the
array in the memory. However, this will cause minor printout problems for parallel calcula-
tions of the program, since the transitions will be printed in an unsorted way. Alternatively,
at first all sufficiently intensive transitions could be written on the disk, while the program is
in parallel mode. After all transitions have been calculated, the parallel mode is terminated,

the information is read again, sorted and printed in an ordered fashion.

While some successful attempts have been made for the rotational terms to save runtime,
this has not yet been done for the Coriolis coupling terms. The 0D p-tensor coupling terms
are usually computed very quickly and probably do not need any optimization. As shown in
Ref. [2], the 1D p-tensor terms for a 4 atomic molecule can still be computed in ~ 50, but
the efficiency scales very poorly, so that even for such a small molecule the runtime for the 2D
terms increase to ~ 1600s. In the previously mentioned publication, HoCS was deliberately
chosen as it is a relatively strongly coupled molecule. For states with high assignment confi-
dence, the 2D terms, have shown average errors of only 0.2 cm™!. However, on average over
all states, the deviations are about 5.3 cm 1. Therefore, it would be useful to introduce an in-
termediate level between 1D and 2D terms, where prescreening is used to identify the largest
contributions of the 2D terms early on and only consider them in the calculation. Also, some
runtime critical if-statements in the innermost loops in the code (due to Kronecker ds in the
equations) could be removed together with one of the loops by loop-unrolling. The num-
ber of nested if-statements increases strongly with order, which is why this could be especially
important for the 2D terms. Another point for optimization is the threshold value used to de-
cide whether the product of the coefficients of the two VCI wave functions (initial and final

state) is large enough to calculate the Coriolis coupling term for this matrix entry. So far, this
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threshold is independent of whether 0D, 1D or 2D terms are calculated. As at other places in
the program code and e.g. with the rotational terms could be tightened for the higher orders.

A further small runtime optimization occurs in the intensity calculation when Wang com-
binations are used as the rotational basis. However, the integrals for the rotational part are
implemented for symmetric top basis functions. That is, the integral (J', k'| D |J", k") (with
the DMS D) can be computed directly by an analytic expression. If a Wang combination
|J" K" ") oc |J" K"y £ |J", —k") is used, the integral must be evaluated four times (two
possibilities each for (J', K’,7'| and |J”, K", 7")). However, since there is a loop over the
RVCI basis functions anyway, there is the possibility of a contraction of the two Wang coef-
ficients with the RVCI coefhicients. This could save up to a factor of four in runtime during
the intensity calculation.

An additional method that could potentially save runtime in the calculation of RVCI ener-
gies concerns the rotational integrals. These are generally calculated analytically and are there-
fore already relatively efficient. However, the same rotational integrals are calculated very of-
ten (especially for large J quantum numbers). In principle, these values could be calculated
once, stored in an array and then only read in. In contrast to the other methods presented
here, it is very difficult to estimate how big the runtime benefit is, since in this case the com-

putational effort must be weighed against the time required to read out an array.

5.2 ADDITIONAL FUNCTIONALITY

So far, there are some limitations in the implementation of RVCI. For example, only molecules
that are non-linear and with an asymmetric top moment of inertia tensor can be com-
puted. The modifications of algorithms for symmetric and spherical tops are mainly related
to changes in the assignment and are thus fairly localized. In addition, there are effects on
the selection rules, whereby this primarily results in runtime savings. In contrast, non-linear
molecules require changes in the Watson Hamiltonian, in the consideration of non-Abelian
point groups, in the assignment of quantum numbers, especially with respect to the I quan-
tum number, and last but not least in the selection rules. Some of these changes are already
partially implemented, but for the rovibrational code, most of it is still to come.

An essential feature of the MOLPRO program package is its ease of use compared to simi-
lar programs. It is crucial to set as many input parameters as possible automatically, without
the need for the user to understand all parts of the program. Since the RVCI program is a
very new part, it still requires relatively many user settings. So far the maximum total angu-
lar momentum J,y has to be set manually. This could be determined automatically from
the convergence behavior of the partition function. Also, the order of the y tensor for the

rotational and Coriolis coupling terms could possibly be set automatically by prescreening of
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the corresponding integrals. However, non-converged VCI wave functions are a bigger prob-
lem for the subsequent RVCI calculation. This leads to artifacts in the rotational vibration
spectra, as discussed in Chapter 4. The fact, that the VCI wave functions are sometimes not
converged is not surprising, since during the iterations of the VCI calculations so far there is
only a convergence check for the energy eigenvalues, but not for the eigenvectors. However,
this phenomenon can only be detected after the RVCI calculation is finished. In principle
there are different possible solutions, which shall not be discussed here. However, at the end
some key aspects will be to have at least a monitoring of the convergence behavior of the eigen-
vectors and an algorithm that automatically determines whether a rovibrational progression

contains artifacts.

The determination of the partition function is a relatively simple part of the program, which
leads for the isotopically pure spectra that we consider only to a global prefactor. However,
this prefactor becomes crucial when different isotopes or different molecules are represented
in a single spectrum. Moreover, the partition function is also of interest apart from line lists
and spectra, since it is an important thermodynamical quantity. As mentioned above, two
methods for its calculation have been implemented so far. In the first case, the separation
approximation or the rigid rotor approximation is used. Thereby, the VSCF modals can be
used to efficiently approximate vibrational energies up to an arbitrary level. The same is true
for the rotational energies using the RCI. Alternatively, the separation approximation can be
dropped and the RVCI energies can be used directly to calculate the partition function. Al-
though this removes an approximation, it does not necessarily lead to a more accurate result,
because the calculation of the RVCI matrices for high J is very time-consuming and therefore
the expansion has to be stopped earlier than with the RCI. Furthermore, the vibrational space
spanned by the VCI wave functions is significantly smaller compared to using VSCF modals in
the separation method. The solution here would be a hybrid method, which uses the RVCI
energies for low J values and vibrational frequencies and approximates the remaining part

with the separation approximation.

A final additional feature that is critical to the computation of line lists are uncertainties
or error estimates for the rovibrational energies and intensities. In well-known infrared (IR)
databases such as HITRAN [127, 130] and Exomol [84], the uncertainties are given for either
one or both quantities. This is of particular importance for the identification of molecules,
since it is preferable to skip uncertain lines rather than plotting them incorrectly in the spec-
trum. For the determination of uncertainties for the energy and intensities there are in prin-
ciple a number of possibilities, such as statistical approaches in which the calculations are run
several times and then the mean and standard deviation are determined for each line position
and strength. The use of learning algorithms is also conceivable. These can generalize e.g. for

one spectrum from a small number of labeled lines to all lines. Alternatively, they could be
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trained on a small number of molecules and then generalized to many molecules. Further-

more, uncertainties in the energies could be estimated using the residuals in the parameter

fitting (PFIT).

5.3 MISCELLANEOUS

Last but not least, there are a number of projects that were started within the framework of this
PhD, but were not originally planned and therefore have not yet come to a final conclusion.
The most important of these projects are briefly outlined here.

As already mentioned before, the parameter fitting (PFIT) program already provides values
for the rotational and all centrifugal distortion constants up to the sextic order. However, the
implemented Gauss-Newton optimizer converges relatively unreliably and slowly. This could
be addressed by a more sophisticated optimizer. Also, a proper algorithm to reduce the num-
ber of states that are fitted is needed. This is also done in the SPFIT" used by experimenters to
achieve better convergence. Currently, this task is solved by relying on the assignment thresh-
old and an iterative residuum cutoff, which is considered an interim solution. Once the PFIT
program provides reliable values, the fitted Hamiltonian could then be used to feed back infor-
mation to the RVCI program, to improve the quality of its results. For example, the quantum
number assignment could be improved, estimates for the uncertainties in the RVCI energies
could be made, unstable lines could be identified, or unconverged VCI wave functions could
be detected. Hence, the PFIT has the potential to accomplish much more tasks, than purely
fitting the spectroscopic constants.

The presence of unstable lines has already been addressed in Chapter 3. An algorithm to
solve the problem was also presented. However, this phenomenon is also described in the
works of the groups of Tennyson [125] and Tyuterev [75]. Since neither group follows our
approach, a comparison with their methods might be helpful and inspirational. So far, in
MOLPRO, a random minimal perturbation (of about 1 x 1073 cm™) is applied to all rovi-
brational states to cancel the degeneracy. Although this has never caused problems before, it
does not seem to be a great solution. If there were an algorithm that detected the unstable
lines, this minimal perturbation could be applied much more selectively. For this reason, the
search for such an algorithm seems to be a very desirable goal.

One topic where a lot has been achieved within this PhD is the assignment of the £ and v
quantum numbers and for the irreps. The introduction of the MSRB, the use of the projec-
tion method instead of purely considering the leading coefficients, and an irrep assignment
based on the irrep of the RVCI basis functions instead of the detour via the bad &, v quantum
number of the RVCI eigenvector has led to much more stable and consistent results. Nev-

ertheless, there are of course cases where the assignment of the k, ¥ quantum number does
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not work reliably. As mentioned above, the assignment of the irreps — and thus that of the
NSSW prefactor — has been decoupled from the assignment of the £ and J quantum num-
bers. This makes it necessary to find out whether there is really a practical benefit to improving

the assignment of k and .J, or whether this is a purely academic problem.
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AGB

BCM

COM

DIM

DMS

EM

EP

EPA

FWHM

HM

IR

ISM

MSRB

NSSW

PES

PFIT

POM

asymptotic giant branch
both coefficients method
complex organic molecules

direct imaging method

dipole moment surface

exomoon
exoplanet

exoplanet atmosphere
full width at half maximum
hybrid method

infrared

interstellar medium
molecule specific rotational basis
nuclear spin statistical weights

potential energy surface
parameter fitting

product only method
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PS polarisability surface

RCI rotational configuration interaction
RRB rigid rotor basis

RVCI rovibrational configuration interaction
RVM radial velocity method

SNR signal-to-noise ratio

™ transit method

VAM vibrational angular momentum

VCI vibrational configuration interaction
VSCF vibrational self-consistent field

WB Wang basis
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High-Level Rovibrational
Calculations on Ketenimine

Martin Tschépe®, Benjamin Schréder?, Sebastian Erfort™ and Guntram Rauhut*

Institute for Theoretical Chemistry, University of Stuttgart, Stuttgart, Germany

From an astrochemical point of view ketenimine (CH>CNH) is a complex organic molecule
(COM) and therefore likely to be a building block for biologically relevant molecules. Since
it has been detected in the star-forming region Sagittarius B2(N), it is of high relevance
in this field. Although experimental data are available for certain bands, for some energy
ranges such as above 1200 cm~ reliable data virtually do not exist. In addition, high-level
ab initio calculations are neither reported for ketenimine nor for one of its deuterated
isotopologues. In this paper, we provide for the first time data from accurate quantum
chemical calculations and a thorough analysis of the full rovibrational spectrum. Based on
high-level potential energy surfaces obtained from explicitly correlated coupled-cluster
calculations including up to 4-mode coupling terms, the (ro)vibrational spectrum of
ketenimine has been studied in detail by variational calculations relying on rovibrational
configuration interaction (RVCI) theory. Strong Fermi resonances were found for all
isotopologues. Rovibrational infrared intensities have been obtained from dipole moment
surfaces determined from the distinguishable cluster approximation. A comparison of the
spectra of the CHoCNH molecule with experimental data validates our results, but also
reveals new insight about the system, which shows very strong Coriolis coupling effects.

Keywords: ketenimine, ab initio calculations, Fermi resonances, rotational spectrum, VSCF/VCI theory,
rovibrational calculations

1. INTRODUCTION

More than 200 molecules have been detected in the interstellar medium (ISM) or circumstellar
shells (Miiller et al., 2001, 2005; Endres et al., 2016; McGuire, 2018) presenting a chemical variety
from rather stable to highly reactive species such as radicals, carbenes, and molecular ions. In a
similar way, the size measured by the number of atoms varies substantially from simple diatomics
(e.g., CO, CN, and OH; Weinreb et al., 1963; Jefferts et al., 1970; Wilson et al., 1970), to carbon-
chain molecular species like cyanopolyynes (HC,N; Ohishi and Kaifu, 1998) and simple organic
molecules like methanol (CH3OH; Ball et al., 1970), up to still larger compounds like polycyclic
aromatic hydrocarbons (PAHs; Allamandola et al., 1989) and fullerenes (Cgp; Cami et al., 2010).
Within the context of astrochemistry molecules with 6 or more atoms are usually referred to
as complex molecules and when carbon is present also as complex organic molecules (COMs;
Herbst and van Dishoeck, 2009). Such compounds are thought to be important building blocks for
biologically relevant molecules (Woon, 2002; Theule et al., 2011; Ohishi, 2019) and accordingly,
much attention has been paid to the study of formation pathways for COMs (Herbst and van
Dishoeck, 2009; Oberg, 2016, and references therein).
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Examples of such COMs are the class of imines (R-C=NH).
They have been shown to be important intermediates for the
hydrogenation of CN moieties (Theule et al., 2011; Krim et al,,
2019). Recently, formation of imines has been reported for
radiative-processing of ices. Vasconcelos et al. investigated the
products from ion irradiation of N,-CHjy ice mixtures by in-
situ Fourier transform infrared spectroscopy (FTIR) and, among
others, methyleneimine was identified (Vasconcelos et al., 2020).
In a similar fashion, Carvalho and Pilling (2020) detected
ketenimine by FTIR spectroscopy upon irradiation of acetonitrile
ice with X-rays (6-2000 eV). Ketenimine (H,C=C=NH) is one
of only 4 imines which have been conclusively identified to
be present in the ISM (Godfrey et al., 1973; Kawaguchi et al,
1992; Lovas et al., 2006; Zaleski et al., 2013). Using the 100 m
Green Bank Telescope Lovas and coworkers observed three
rotational transitions of ketenimine toward the star-forming
region Sagittarius B2(N) (Lovas et al., 2006). It is known that
temperatures in Sagittarius B2(N) vary between 40K in the
envelope and 300 K in the hot dense core (Martin-Pintado et al.,
1996). Therefore, it could be possible that not only the rotational
spectrum of ketenimine can be detected with radio telescopes,
but also the rovibrational spectrum due to IR spectroscopy. Since
Sagittarius B2(N) is a star forming region, the question arises
whether ketenimine can be found in protoplanetary disks or even
exoplanet atmospheres. Considering the recent successes in this
field (Charbonneau et al., 2002; Mandell et al., 2013; Gandhi et al.,
2020) as well as the upcoming space telescopes James Webb Space
Telescope (JWST) and Atmospheric Remote-sensing Infrared
Exoplanet Large-survey (ARIEL) with high sensitivity in this
spectral range this is a feasible aim.

Given its importance as the simplest member of a larger
class of chemically interesting molecules (Alajarin et al.,, 2012),
ketenimine has been subject to a number of experimental
spectroscopic  investigations which revealed a complex
rovibrational spectrum. The first spectroscopic investigation of
ketenimine was reported by Jacox and Milligan (1963). Infrared
transitions of the transient species were tentatively assigned
following the reaction of NH with acetylene in argon matrix. The
assignment was later confirmed and extended by Jacox (1979)
in an argon matrix-isolation study of the photoisomerization
of acetonitrile.

A gas phase rotational spectrum of ketenimine was obtained
by Rodler and coworkers using microwave spectroscopy (Rodler
et al., 1984). Ground-state rotational parameters of Ay =
201443.69, By = 9663.138, and Cy = 9470.127 MHz
were determined from a fit to Watson’s S-reduced rotational
Hamiltonian (Watson, 1977) in the I" representation. The latter
parameters show that ketenimine is a near-prolate asymmetric
top (asymmetry parameter x = —0.998). Measurements of
Stark-splittings (Rodler et al., 1984) yielded the ground state
dipole moments ‘g = 0.431(1)D and ‘pug = 1.371(6)D.
Rodler et al. later carried out a high-resolution analysis in the
4-7 GHz region for the main as well as the ND isotopologue
revealing small splittings in the former case, due to the imino
inversion (Rodler et al., 1986). The latest study of the vibrational
ground state rotational spectrum of ketenimine was performed
by Degli Esposti at submillimeter wavelength (Degli Esposti

etal., 2014). In total, 297 line frequencies were analyzed yielding
spectroscopic parameters that allow for the accurate prediction
of rotational transitions up to 1 THz.

The rovibrational spectrum of ketenimine has been studied by
both, in low-resolution (August, 1986) as well as high-resolution
(Ito et al., 1990; Ito and Nakanaga, 2010; Bane et al., 2011a,b,c).
A gas phase spectrum of the i3 = 2044 cm~! CCN-stretching
vibration has been obtained by Ito et al. (1990) using FTIR
spectroscopy. Analysis of the spectrum revealed a complicated
structure due to several Coriolis-type interactions, which could
only be analyzed approximately due to missing information on
the perturbing states. Almost 20 years later Ito and Nakanaga
reported the observation of the CNH bending rovibrational
spectrum around U = 1000cm™! using FTIR spectroscopy.
Again, strong Coriolis perturbations precluded a detailed analysis
of the vs state and only effective spectroscopic parameters for
individual K, sub-bands were obtained. The latter values allowed
the v1p (CH; rocking) and vq; (torsion) vibrations to be identified
as likely perturbers, based on their large contribution to the
vibration-rotation interaction constant o2

In a series of articles Bane and coworkers presented a
thorough experimental analysis of the low lying fundamental
bands of ketenimine (Bane et al., 2011a,b,c). The observed
bands encompass the out-of-plane and in-plane CCN bending
vibrations around 71, = 409 and 73 = 466cm~! (Bane
et al, 2011c), respectively, the CH, wagging mode (V; =
693cm™!; Bane et al, 2011b) and the CH, rocking mode
(V10 = 983cm™!) as well as the strong CNH bending mode
ve (Bane et al., 2011a). Following the assignment of more than
6,000 rovibrational transitions and fitting of the spectrum, an
intricate system of Coriolis-coupled states was revealed whereby
all 5 observed states are coupled via Coriolis-coupling either
directly (e.g., a-axis Coriolis coupled viy & vg) or indirectly.
The analysis required the inclusion of unobserved “dark states”
2vg, vg + V12, and 2v;; which are also expected to be strongly
Coriolis-coupled amongst themselves. While the global fit to
Watson’s S-reduced Hamiltonian (I") reproduced the observed
rovibrational transition frequencies, Bane et al. noted that the
torsion fundamental v;; around 880 cm™! probably also adds to
the complex rovibrational coupling but considered inclusion of
this interaction intractable.

Theoretical work on the rotational and rovibrational
spectroscopy of ketenimine is rather scarce and either based
on limited ab initio methods (Kaneti and Nguyen, 1982; Brown
et al., 1985) or has been done only in support of dedicated
experimental investigations (Ito et al., 1990; Ito and Nakanaga,
2010; Bane et al., 2011c). In the latter case, the work of Bane
and coworkers (Bane et al, 2011c) provided the previously
most accurate predictions of the fundamental frequencies with
a root-mean-squared deviation of 11cm™!. The results were
obtained from B3LYP/cc-pVTZ harmonic frequencies which
were uniformly scaled by a factor of 0.965. Given its possible
importance in astrochemical reaction networks and the strong
rovibrational couplings a more in-depth look at the rotational
and rovibrational spectroscopy of ketenimine appears desirable.

Recently, some of us reported on the implementation of a
new program for variational rovibrational calculations within the
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MOLPRO package of ab initio programs (Erfort et al., 2020a).
The approach combines the well established MOLPRO capabilities
(Werner et al., 2020) of obtaining multidimensional potential
energy and dipole moment surfaces, comprehensive symmetry
information and the accurate determination of vibrational
wave functions with efficient calculation of partition functions,
rovibrational transition frequencies, and transition dipole matrix
elements in an almost black-box manner. Within this study
here, we report about high-level ab initio calculations based on
anharmonic potential energy surfaces obtained from explicitly
correlated coupled-cluster theory, which allows for a detailed
analysis of the (ro)vibrational spectra of the title compound.
Compared to previous work the rovibrational calculations have
been extended by pure rotational spectra, which is a newly
implemented feature in MOLPRO.

2. COMPUTATIONAL DETAILS

Geometries, harmonic frequencies and normal coordinates of
ketenimine (X'A’) and its C, symmetric isotopologues were
computed at the level of frozen-core explicitly correlated
coupled-cluster theory, CCSD(T)-F12b, in combination with a
basis set of triple-¢ quality, ie., cc-pVTZ-F12 (Adler et al,
2007). Hartree-Fock energies were corrected by addition of the
complementary auxiliary basis set singles correction (CABS)
(Knizia and Werner, 2008).

n-mode expansions of the potential energy surface (PES) and
the dipole moment surface (DMS) being truncated after 4th
order were used in all calculations (Ziegler and Rauhut, 2018). A
multi-level scheme has been employed throughout (Pfliiger et al.,
2005; Yagi et al.,, 2007), in which the 1D and 2D terms of the
PES were computed at the CCSD(T)-F12b/cc-pVTZ-F12 level,
while the explicitly correlated distinguishable clusters approach,
DCSD-F12b, in combination with a smaller cc-pVDZ-F12 basis
was used for the 3D and 4D terms. The 1D and 2D terms of
the DMS were computed at the conventional DCSD/cc-pVTZ-
F12 level and the 3D and 4D terms at the DCSD/cc-pVDZ-F12
level (Kats and Manby, 2013; Kats et al., 2015). In total about
170,000 ab initio points were used for representing the surfaces.
Efficient Kronecker product fitting was employed to transform
this grid representation into an analytical one consisting of 10
local B-splines per dimension (Ziegler and Rauhut, 2016).

Vibrational self-consistent field theory (VSCF) has been
used to determine one-mode wavefunctions (modals) based
on the Watson Hamiltonian (Watson, 1968). Vibrational
angular momentum terms (VAM) were not included within
the variational determination of the modals, but were added
a posteriori to the state energies (Neff et al, 2011). A
mode-dependent basis of 20 distributed Gaussians has been
used throughout for representing the modals. Subsequent
state-specific configuration-selective vibrational configuration
interaction calculations (VCI) were used for calculating accurate
state energies (Neff and Rauhut, 2009). The correlation space
contained single to 6-tuple excitations up to the 8th root
per mode and a maximum sum of quantum numbers of 15.
This resulted in about 4-10° Hartree products (configurations)

per irreducible representation. These calculations included
VAM terms based on a constant p-tensor. Eigenvalues were
determined with our residuum based eigenvalue solver (RACE)
(Petrenko and Rauhut, 2017).

Within the calculation of the rovibrational spectra we also use
the Watson-operator (Watson, 1968)

1 1
Hwatson = E Z]alhxﬁ]ﬁ - 5 Z(]a,uaﬂ”ﬂ + naﬂaﬂ]ﬁ) + Hyip,
af aff
(1)

where ], denotes the total angular momentum operator, 7, the
vibrational angular momentum operator and pqpg refers to an
element of the inverse effective moment of inertia tensor. The
summations over « and B run over the three molecule fixed
Cartesian space coordinates. The first term in Equation (1) gives
the kinetic energy of rotational motion and the second term
couples rotation and vibration and is referred to as Coriolis term.
All other terms of the Watson Hamiltonian are purely vibrational
operators and are thus summarized in the term denoted Hyyp.
Within rovibrational configuration interaction (RVCI) theory the
rovibrational wave functions are expanded in terms of products
of VCI wave functions and rotational basis functions (Erfort
et al., 2020a,b). The latter can be either primitive symmetric
top eigenfunctions or Wang combinations of symmetric top
functions (Wang, 1929; Spirko et al., 1985).

In the following, we will distinguish between rotational
configuration interaction (RCI) and rovibrational configuration
interaction (RVCI). RCI is an approximation, in which no
rovibrational interaction between different vibrational states is
considered. This corresponds to neglecting the second term, see
Equation (1), as well as all terms off-diagonal in the vibrational
quantum numbers, arising from the 1D and higher order
expansion of the u-tensor (centrifugal distortion). Since every
RCI-matrix is thus constructed for a single VCI wave function,
the vibrational state identity can be trivially assigned for every
rovibrational state. In contrast, within RVCI all rovibrational
interactions are considered. As a consequence the only “good”
quantum number is the angular momentum quantum number
J and the parity of the rovibrational state. In this sense, RVCI
yields the physically meaningful results. However, we found
that a comparison of RVCI with the RCI results is helpful to
understand and visualize both the effects of Coriolis interaction
and intensity borrowing mechanisms in general. Again, it shall
be noted that for comparison with experiments only RVCI results
should be used.

The rovibrational intensities are calculated according to

2 2 N —E///kBT 1— —(E/—E//)/kBT
(= A€ (1—e JE — R (@)
3 el Q)

In Equation (2), the first two prefactors contain only constants.
The next factor corresponds to the thermal distribution function,
with the temperature T, Boltzmann constant kg, the energy of the
lower state E” and the upper state E’ as well as the temperature
dependent partition function Q(T). For the latter, we use the
separability approximation Q = Qi Qrot for several reasons.
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First, we are investigating a relatively low temperature regime
up to 300K, where the partition function converges quickly
with increasing excitation, such that errors in energies for high-
lying states have little influence. Second, we have shown in our
previous work (Erfort et al., 2020a), that for HCO and H,CS the
differences between experimental Q(T') values and theoretically
approximated Qyp Qrot Values for the partition function are lower
than 2 % up to 300 K. In addition to that, the partition function
is the same global factor for every transition and since we are
primarily interested in relative intensities rather than in absolute
intensities, it is therefore not crucial for us. The last two factors
in Equation (2) correspond to the frequency of the transition
(E' — E") and the squared transition moment R?. The calculation
of the latter within RVCI has been outlined previously (Erfort
et al., 2020a). For ketenimine all nuclear spin statistical weights
show the values of 24.

Further approximations are used to limit the calculation times.
First of all, we are not considering hot bands. Due to relatively
low temperatures and absence of fundamentals with particularly
low energies, these bands have fairly low intensities and are
mainly hidden behind significantly more intense transitions
arising from the vibrational ground state. This is supported by
a comparison to the results of Bane and coworkers (Bane et al.,
2011c). Moreover, the inverse effective moment of inertia tensor
i is expanded to the Oth order for the RVCI calculation. Within
these computations all fundamental bands, seven combination
bands (v3 + vs, v3 + vg, V5 + V6, Vg + V10, V7 + Vg, V7 + V12,
and vg + viz) and seven overtones (2vg, 2v7, 2vg, 2V10, 2V12,
3vg, and 3v;,) were simultaneously considered, giving in total
Nyi, = 27 vibrational states (including the ground state). As
a convergence check we performed a calculation with angular
momentum quantum number of ] < 70 and one with J < 100.
The VCI calculations were performed in parallel using 9 cores,
with a total computational time of 100 h. The required memory
for the subsequent serial RVCI treatment is less than 40 GB. As an
example, the RVCI matrix for ] = 70, with Ny, = 27 vibrational
states is of size (2] + 1)Nyj, = 3, 807. Although, this is relatively
small in comparison to other rovibrational software, the results
are nevertheless very accurate. A possible reason for this lies in
the very accurate and compact vibrational basis, in the form of
VCI wavefunctions. Computational timings on a single CPU core
were about 83 min for RVCI energies and about 14 h for RVCI
intensities for ] < 70. For the same upper bound of J there
were 3.81 x 107 transitions considered and about 1.41 x 10° of
them where found to be significant. For T = 300K the partition
function is converged to Q(T) = 2.05 x 10° at ] = 71.

3. RESULTS AND DISCUSSION

3.1. Geometrical Parameters, Rotational

Constants, and Dipole Moments

Geometrical parameters of the main ketenimine isotopologue
as well as two deuterated variants have been calculated and are
provided in Table 1. The parameters obtained from the Born-
Oppenheimer equilibrium geometry are denoted r.. The only
experimental geometrical parameter available for comparison is a

mixed experimental-theoretical valence angle «(C;NH3) (Rodler
et al, 1986). From a semi-rigid bender analysis of the 9;3-
100,10 ground state rotational transition, Rodler and coworkers
determined a value of 115.4 &+ 0.6° for «(C,NH3) which is in
excellent agreement with our optimized value of 114.76°. To
account for vibrational effects r, and ry parameters have been
calculated. While the former correspond to parameters obtained
from atomic positions averaged over the VCI ground state
wavefunction, the latter are instantaneous inter-nuclear distances
calculated from an expectation value of the bond lengths
expanded in terms of the normal coordinates. As is typically
observed (Czakd et al., 2009; Dinu et al., 2020), both sets of
vibrationally averaged bond lengths differ substantially from each
other with the largest absolute difference of 0.0169 A observed
for r(NH3) in the main isotopologue. The CNH angle o(C;NH3)
shows a slightly larger vibrational effect compared to other
angles, in line with the inversion character of this coordinate.
The barrier to planarity (C,,) was computed to be 5249 cm™!
at the CCSD(T)-F12b/cc-pVTZ-F12 level and is thus too high
for tunneling effects in the fundamental modes to be of any
importance. The semi-rigid bender analysis (Rodler et al., 1986)
yielded a barrier height of 47004200 cm ! which compares well
with the present theoretical result. The imaginary frequency
characterizing the transition state amounts to {908 cm™!. Note
that there is no stationary point on the potential energy surface
for a planar structure of neutral ketenimine.

Calculated and experimental (Rodler et al., 1984, 1986)
rotational parameters for ketenimine isotopologues are
compared in Table2. There, rotational parameters A, B,
and C obtained from the equilibrium geometry are denoted
by method r®. Following the work of Czako et al. (2009),
vibrationally averaged rotational parameters are approximated
from the expectation value of the p-tensor (Watson, 1968) over
VCI wavefunctions. An n-mode expansion of the g -tensor up
to 3D terms has been employed in these calculations. Since this
approach does not account for Coriolis coupling contributions
to the rotational parameters, these are added via a correction
based on Vibrational second-order perturbation theory (VPT2)
(Rauhut, 2015; Dinu et al., 2020). The final equation for the
rotational parameters B, (« = a, b, ¢) within a vibrational state v
is thus given by

o (Raa)y 2(BY)? w2 307 + o 1
B, ~ — +Xk: () o — o2 \VkT3 - (3)

@k k@

In Equation (3), (iaq)v is the expectation value of a diagonal
-tensor element evaluated over the VCI wavefunction for
state v. In the second term of Equation (3), constituting the
VPT2 Coriolis correction, BY is the equilibrium rotational
constant with respect to rotation about an axis «, wj are
harmonic vibrational frequencies and ¢} are Coriolis constants
that describe the coupling of vibrations k and [ via rotation
about the wo-axis. Results obtained from Equation (3) for
the vibrational ground state are denoted either (uqgq)o or
(laa)o+VPT2 in Table 2, depending on whether the Coriolis
correction is included or not. Notice that in the evaluation of
(aa)v the p-tensor has been expanded up to 3D terms.
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TABLE 1 | Computed geometrical parameters of ketenimine and its deuterated isotopologues.

H>C=C=NH D,C=C=ND H>C=C=ND
Coord. re ra rg ra rg ra rg
r(CyH4) 1.0791 1.0829 1.0991 1.0823 1.0938 1.0818 1.0992
r(C1Cy) 1.3135 1.3175 1.3205 1.3172 1.3203 1.3173 1.3204
r(CoN) 1.2284 1.2302 1.2335 1.2302 1.2336 1.2303 1.2335
r(NH3) 1.0174 1.0202 1.0371 1.0196 1.0318 1.0211 1.0316
a(CoNH3) 114.76 115.07 114.95 115.02
a(C1CoN) 174.05 174.10 174.08 174.10
a(H1C1Cy) 119.88 119.73 119.78 119.75
TABLE 2 | Computed and experimental rotational constants in GHz.
Isotopologue Method A B (]
HoC=C=NH re 201.08792 (—0.18%) 9.65878 (—0.05%) 9.47482 (+0.05%)
(aa)o 201.798883 (+0.18%) 9.62993 (—0.34%) 9.43904 (—0.33%)
(Uaw)o+VPT2 200.31173 (—0.56%) 9.62412 (—0.40%) 9.43309 (—0.39%)
Exp.2 201.44527 9.66315 9.47015
D,C=C=ND ré 103.66119 8.05874 7.78830
(Maa)o 104.74983 8.03709 7.75996
(Uaw)o+VPT2 103.35526 8.03232 7.75515
H,C=C=ND ré 162.40310 (—0.51%) 9.03436 (+0.02%) 8.96746 (+0.06%)
(KUaa)0 163.27301 (+0.02%) 9.00356 (—0.33%) 8.93460 (—0.31%)
(Uaw)o+VPT2 162.21271 (—0.63%) 8.99879 (—0.38%) 8.92979 (—0.36%)
Exp.2 163.24242 9.03295 8.96219

8Values determined from fits to Watson'’s S-reduced Hamiltonian (Rodler et al., 1984, 1986).

Where available, percentage deviations of calculated results with respect to experimental data is given in parentheses.

Inspection of Table 2 shows rather large deviations of the
Coriolis-corrected vibrationally averaged rotational parameters
of —0.56, —0.40, and —0.39% with respect to experimental results
(Rodler et al., 1984, 1986) for Ag, By, and Cj, respectively.
In contrast, the calculated equilibrium rotational parameters
are in much better agreement with the experimental ground
state rotational parameters, which is mainly due to error
compensation. To confirm this, a geometry optimization at the
all-electron CCSD(T)-F12b level of theory in conjunction with a
cc-pCVTZ-F12 basis set (Hill et al., 2010) was carried out. This
yields equilibrium rotational parameters (in GHz) for the main
ketenimine isotopologue of 202.06657, 9.70127, and 9.51561
for A, Be, and C, respectively. Adding the corrections due
to vibrational averaging and Coriolis-coupling results in Ay =
201.29038 GHz (—0.08%), By = 9.66661 GHz (40.04%), and
Co = 9.464 40 GHz (40.04%), where deviations with respect to
the experimental results of Rodler et al. (1984, 1986) are given
in parentheses. The agreement of these corrected results with
the experimental ones is excellent, but it is well-known that
core correlation effects should not be considered without the
inclusion of high-level coupled-cluster terms, e.g., CCSDT(Q),
at the same time, because they often partly compensate each
other (Ruden et al., 2004; Meier et al., 2011; Puzzarini et al,,
2020). Moreover, rovibrational intensities as considered below

depend on several quantities and the impact of these additional
corrections might be different for the individual quantities.
Consequently, there is no unique answer, if the partial inclusion
of these corrections will lead to better results. In any case, the
inclusion of these high-level corrections is beyond the focus
of this study and we neither did account for core correlation
effects nor high-order coupled-cluster terms in the calculations
presented below.

Experimental high-resolution spectroscopic investigations
have revealed strong a-axis Coriolis coupling among the low
lying vibrational states of ketenimine, especially for the pair of
fundamentals vg and vy, (Bane et al., 2011a,b,c). This can also be
shown by comparing rotation-vibration coupling constants «; .
From the rotational constants presented by Bane et al. (2011a) a{}
can be approximated by al’-s = Bg —B:-S . This yields 6185.3, —34.0,
and —13.4 MHz for aty, o, and a$, respectively, and —2845.0,
—8.1, and —22.1 MHz for o, o, and «f, respectively. These
values should be compared to our theoretical VPT2 results of
444.5, —34.2, and —14.7 MHz for af, a®,, and a{;, respectively,
and 2497.5, —9.3 and —22.7 MHz for o, o and a, respectively.
Following Papousek and Aliev (1982), the latter values have been
corrected for the a-axis Coriolis resonance between vy, and vg in
order to be comparable with the results of Bane and coworkers.
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TABLE 3 | Calculated dipole moments /i (in D) of ketenimine and its deuterated
isotopologues.

He Mo
Isotopologue e e [idel 2po Cpo litol
H,C=C=NH® 05008 1.4056 1.4912 0.4587 1.3766  1.4510
H,C=C=ND 04643 14170 14912 04314  1.4028  1.4676
D,C=C=ND 04669 1.4162 1.4912 04394 1.3940 1.4616

8Experimental results (Rodler et al., 1984): @ug = 0.434(1), Cuo = 1.371(6), and |jio| =
1.438(6) D.

To this end, the corresponding (i,7) = (12,8) or (8,12) term in
the Coriolis contribution to af (cf. second term in Equation 3) is
replaced according to

3w —i—a)A2
@I - @y
7o - o Y

2
i BY (w; —

a)ia)j(wi + a)j) '

a)j)2

We have also investigated whether symmetry allowed off-
diagonal contributions «® are important for ketenimine,
following the work of Aliev and Watson (1985), but found their

contribution to effective 6(1’32 and 6:5 after diagonalization of the

respective B‘fﬁ matrices negligible.

While the B and C components are in excellent agreement
between experiment and theory, the A components show large
differences. Moreover, the differences between experiment and
theory for v, and vg are almost identical but of opposite
sign (—5740.8 MHz for v, and 5342.5MHz for vg). For
comparison, not accounting for Coriolis resonance yields
unphysical VPT2 values of —59021.2 and 61996.7 MHz for o
and o}, respectively. Such effects are unambiguous indications
of strong Coriolis coupling. The preceding discussion clearly
shows that a simple treatment of the rotational problem and the
rovibrational couplings in ketenimine, based on e.g., Equation (3)
or VPT2, has to proceed with caution. A variational treatment
employing the exact rovibrational Hamiltonian automatically
includes all interactions necessary for a correct description of the
internal dynamics.

Calculated dipole moments of ketenimine and its
isotopologues are listed in Table 3. Our DMS yields equilibrium
dipole moments for the main ketenimine isotopologue of
‘e = 0.5008D and ‘pue = 1.4056 D, where superscripts a
and c¢ refer to the principal axis components of the dipole
vector ji.. Symmetric H/D substitution results in a rotation
of the a- and ¢- axis around the b axis. As a consequence, the
components “i. and ‘e of the dipole vector differ among
the ketenimine isotopologues but the total dipole moment
of |jte] = 1.4912D is unchanged. The situation is different
for the ground state dipole moments jig due to variations of
vibrational averaging effects. Overall, vibrational averaging
results in a lowering of both a- and c-axis components. The
non-deuterated isotopologue shows slightly larger effects due
to vibrational averaging, especially for the c-axis component.
Rodler et al. (1984) determined the dipole vector components of

the main isotopologue and from Stark shifts of the 29y <« 1o
and 2;; <« 1jo rotational transitions. While the resulting
‘uo = 1.371(6) D is in excellent agreement with our calculated
value of 1.3766D, a somewhat larger difference is observed
between the experimental ‘g = 0.431(1)D and calculated
0.4587D. This difference is in part due to a geometric effect.
Using the optimized ae-CCSD(T)-F12b/CVTZ-F12 geometry,
equilibrium dipole moments of . = 0.4854 D (—0.0154 D) and
‘e = 1.4029D (—0.0027 D) were obtained from DCSD/VTZ-
F12 calculations, where values in parentheses correspond to the
difference with respect to the values quoted in Table 3. Adding
the vibrational averaging correction yields an approximate
%o ~ 0.4433 D, closer to the experimental result. Again, the
influence of high-order coupled-cluster terms would be required
to further reduce the remaining error.

3.2. Vibrational Spectrum

The purely vibrational transitions of ketenimine and its
isotopologues are listed in Table 4. Clearly, for the deuterated
species the majority of experimental assignments is missing
and a comparison of the different experimental results for
H,CCNH shows that these results bear an uncertainty of
several wavenumbers.

Concerning the assignments for the non-deuterated
ketenimine, a huge difference of more than 80cm™! between
the computed and experimental values of Bane et al. (2011c)
can be seen for mode v4. An analysis showed that this mode
shows a strong Fermi resonance with the overtone of v; and our
calculated value of 1350.9cm™! for 2v; agrees nicely with the
experimental value of 1355 cm™!. As our calculations clearly
assign the transition at 1435.9cm™! to the fundamental mode,
we believe that the experimental value of 1355 cm™! belongs
to the 2v; overtone, which is the lower state of this Fermi pair.
The reason for this misassignment might be that the infrared
intensity of the overtone is much stronger than that for the
fundamental. A closer look at this particular resonance reveals
a peculiar feature. While the band intensity at the VSCF level
amounts to 3.42 km/mol for v4 and 4.47 km/mol for 2v;, almost
all intensity is transferred to the overtone within the VCI
calculations. This can be understood by comparison to a VPT2
based analysis that accounts for the Fermi resonance (Vazquez
and Stanton, 2007). Then, the intensities of the Fermi dyad in
question are predominantly determined by the mixed a-axis
transition dipole moments (*11),. The latter are obtained from
the eigenvector components C, of the Fermi resonance matrix
and the (deperturbed; dp) transition dipole moments (“,u)ip
evaluated over harmonic basis functions |w) according to:

dj d
(", = Ca‘ﬁ : (“M)ws + sz:)7 : ((1#)25)7

= 0.78-0.033D 4+ 0.62 - —0.044 D ~ 0.002 D
and
dp

d 2
("o, = CI7 - (Cwhah + Coul - (“u)5h
= —0.62-0.033D +0.78 - —0.044 D ~ —0.055 D,
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TABLE 4 | Comparison of calculated VCI fundamental frequencies of HoC=C=NH and its deuterated isotopologues with experimental data.

H,C=C=NH D,C=C=ND H,C=C=ND
# Sym.  Harm. VCl Int. Exp.? Exp.? Exp.° Exp.9 Harm. VCl Int. Exp.9 Harm. VCl Int2  Exp.d
vy A 3492.7 33154 10.9 3321.8 2563.0 2464.4 171 31771 3046.7 29.7
Vo 3177.0 3048.0 2.6 2325.3  2250.1 40.7 2246 25629 2467.4 20.1
v3 2084.4 20418 2819 2037  2043.6 2040 20441 1997.7  150.2 1998 2067.2 2027.7 287.0 2028
V4 1440.3  1435.9 0.1 1355 1231.5  1207.2 0.7 1440.2 14247 3.4
Vs 1140.1 1122.5 16.9 1127 1124 944.4 921.7 23.3 921 1136.0 1120.4 1.7 1120
Ve 1045.1 1006.7 200.2  1000.2 1004  1000.2 1000 824.5 804.1 77.0 800 829.9 807.7 741 817
v7 705.5 691.1 77.2 692.9 690 555.3 549.6 39.8 705.2 679.5 53.4 693
vg 463.3 464.3 19.8 466.5 417.6 4156.5 27.0 427.9 426.5 24.0
vg A’ 3276.2 31325 0.2 2441.0 2359.3 0.0 3276.4 31314 0.2
V10 1000.3 980.7 0.6 983.1 842.2 831.0 0.0 1000.4 979.2 0.1
Vi1 904.6 876.0 29.6 872 872 666.2 653.7 27.9 648 752.2 731.4 191
V12 405.8 405.7 0.4 409.0 351.4 349.4 0.2 400.8 399.4 0.2

Frequencies are given in cm~" and infrared intensities in km/mol.

aExperimental gas phase values taken from Bane et al. (2011c,c,a).

PExperimental values taken from the compilation in Bane et al. (°011c).

CExperimental values taken from lto et al. (1990) and Ito and Nakanaga (2010).
9dExperimental Ar matrix values taken from Jacox and Milligan (1963) and Jacox (1979).

where the corresponding values have been inserted. As can
be seen from above equations, the efficient intensity stealing
results from a compensation of the signs of the eigenvectors
and the deperturbed transition dipole moments. The analysis
and composition of all observed resonances of the fundamental
modes of all isotopologues based on VCI calculations is
summarized in Table 5. For all other fundamental modes of the
non-deuterated molecule the agreement of the VCI calculations
with the experimental results is excellent and the maximum
deviation is no larger than 6.2cm™!, which is within the
error bar of potential energy surfaces obtained from explicitly
correlated coupled-cluster theory (Rauhut et al., 2009). In order
to reduce this remaining error even further one would need
to incorporate a number of corrections within the electronic
structure calculations as for example high-order coupled-cluster
terms, core-correlation effects, relativistic contributions, etc.
(Ruden et al., 2004; Meier et al., 2011).

The results for the fully deuterated isotopologue, i.e.,
D,CCND are of the same quality as for H;CCNH and thus
the VCI results most likely provide reliable predictions for all
fundamentals. Most remarkably for this isotopologue are the very
strong intensities for vz and its resonance partners (cf. Table 5).
The results for HCCND look more inconsistent than for the
other two isotopologues. While modes v3 and vs are in excellent
agreement with the experimental results, the VCI results for
ve and v; deviate by 9.3 and 13.5 cm™! from the experimental
reference data, respectively. According to our VCI calculation,
Vs shows a weak Fermi resonance with the overtone of v,
(due to its weak character it has not been listed in Table 5). As
such coupling pairs are sensitive with respect to environmental
effects as arising from the argon matrix, the deviation of
9.3cm™! may be explained this way. However, we consider
this rather unlikely, but suspect difficulties in pinpointing the
transition energies in the experiment, because Jacox reports

that overlapping parent molecule absorptions and unassigned
contributions of other products such as the partially deuterated
methyl cyanides complicate the assignment of other absorptions to
the partially deuterated ketenimines (Jacox, 1979). Note that for
all isotopologues, v4 shows strong Fermi resonances, but with
different partners and in all cases the intensity of the overtone
is stronger than for the fundamental.

3.3. Rotational Spectrum

In Figurel, our computed RVCI rotational spectrum of
ketenimine (Figure 1A) is compared with a simulated
experimental spectrum (Figure 1B) for a temperature of
T = 50 K. The latter spectrum has been calculated with
the SPCAT program (Pickett, 1991) using the spectroscopic
parameters of Degli Esposti et al. (2014) determined from the
submillimeter wave spectrum, while intensities are based on the
experimentally determined dipole moments in the vibrational
ground state (Rodler et al., 1984). Intensities are given relative
to the strongest line at T = 50 K, which corresponds to the
5,3 — 633 transition in both cases. Excellent agreement between
the RVCI and the experimental spectrum is observed. Only very
subtle frequency differences appear upon close inspection, which
occur mainly due to the difference of about 0.3 GHz in the
employed A rotational constants (compare Table 2). The overall
shape of the spectrum, which is dominated by °R;o branch
progressions and the sharp “Q branches, is nicely reproduced by
the RVCI spectrum.

We have studied the temperature dependence of the ground
state rotational spectrum in the range 20 to 300 K and results are
depicted in Figure 2. With increasing temperature the intensity
of the rotational transitions decrease by about a factor of 2
and the rather sharp “Qj¢ branches below 600 GHz broaden
significantly. While for T = 20 K the °Rj transitions originating
in K, = 1 states are the strongest up to 2THz, with each
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TABLE 5 | Resonances of the fundamental modes of ketenimine and its isotopologues.

Molecule Mode Freq. Int. Composition
HoCCNH va 1435.9 0.1 41 (55.8%) 72 (35.2%)
1350.9 8.4 72 (563.3%) 41 (36.1%)
V11 876.0 29.6 111 (59.6%) 812! (36.7%)
880.5 18.6 812! (57.1%) 117 (39.0%)
D>,CCND va 1207.2 0.7 41 (69.9%) 612" (21.4%)
1220.6 1.9 6'121 (60.3%) 41 (25.6%)
v 1997.7 150.2 3! (49.1%) 416" (24.8%)
2019.2 40.1 416! (52.3%) 6°8' (16.7%) 3! (13.3%)
2001.0 136.6 628! (41.2%) 3! (42.0%)
V1 2464.4 174 11 (65.0%) 6'10? (27.5%)
2467.0 12.0 6'10? (55.2%) 11 (37.2%)
H>CCND Vs 1120.4 1.7 5! (50.9%) 78! (27.8%) 111127 (16.8%)
1108.1 8.1 78! (64.4%) 5! (28.9%)
1133.6 4.8 111127 (77.1%) 51 (15.8%)
Vs 1424.7 3.4 41 (52.7%) 72 (28.5%)
1345.3 12.9 72 (57.8%) 4 (31.6%)
Frequencies are given in cm~" and infrared intensities in km/mol.
1.2The superscripts denote the excitation levels of the individual modes.
T T T T T T T
A
2z
[}
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: | H I HH\
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Frequency in GHz
FIGURE 1 | Rotational spectrum of ketenimine in its ground vibrational state for T = 50 K. Comparison of the theoretical RVCI results (A) obtained from Molpro and
(B) based on experimental results as determined by Degli Esposti et al. (2014) (see text for details).

increase in temperature the maximum shifts by one unit in
K,. Furthermore, the effect of asymmetry splitting in K, = 1
states are clearly visible. All these observations originate in the
Boltzmann distribution function resulting in a higher partition
function and a shift in the thermal distribution toward higher
K, and J. The former is responsible for the emergence of higher
energy branches and the latter for the shifts in the maximum
for individual J-progressions, highlighting the importance of an
accurate determination of the partition function.

3.4. Rovibrational Spectrum

It is known that the rovibrational spectrum of ketenimine shows
many strongly coupled rovibrational bands in the energy regime
between 300 and 1200 cm™! (Bane et al., 2011a,b,c). For this
reason, we want to give a broad overview over this area with
Figure 3. The figure shows the 5 fundamental bands vs, vs,
V7, Vg, V11, as well as the overtone 2vg and the combination
band v;; + vg. The comparison between RVCI and RCI spectra
allows for a better understanding of the coupling and resonance
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effects. Two examples for these couplings can be seen around 400
and 900 cm~!. Therefore these areas are displayed in separate
Figures 4 and 5 and will be discussed below. For the following
figures, we did not use any line broadening, since no direct
comparison with experimental results is depicted.

A good example for the strong Coriolis-coupling in this
system can be seen in Figure 4 between vg and vj,. The bottom
subplot (Figure 4B) shows the results of the RCI calculation,
where Coriolis-coupling is not considered. v, has about two

orders of magnitude less intensity then vg, in line with the
band intensities obtained from VCI (cf. Table 4). The in-plane
CCN bending vibration vg clearly shows an A-type spectrum,
whereas the out-of-plane CCN bend v, shows the expected
B-type intensity pattern. Inclusion of Coriolis-coupling in the
upper subplot (Figure 4A) results in v;; gaining about one order
of magnitude in intensity by intensity borrowing in the RVCI
calculation. The missing intensity in the stronger band is hard
to see, since the relative difference is smaller. Furthermore, vi;
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can neither be assigned to an A-type nor a B-type band structure,
due to the lifting of the typical selection rules via Coriolis-
coupling. For the vg fundamental, the overall shape of an A-
type transition is retained. Both bands show a rather asymmetric
structure, with a supposed band center of the vi; mode shifted
by about 20 cm™! to lower energies and visible transitions well
below 350 cm™!. This is in contrast to vg, where both branches
gain intensity toward higher energies, with an overlapping region
atabout 470 cm™!. The high energy tails of the R-branch (around
530cm™!) could also be influenced by the v; mode (orange in
Figure 4). However, we expect that effect to be small, since the
VCI energies of the two modes v; and vg are separated by more
than 200 cm ™.

A comparison with the experimental and simulated spectra of
Bane and coworkers (Figures 2A and B in Bane et al., 2011c)
shows in general good agreement for vi; (Figure4 as well as
in Supplementary Figure 1). This holds for both the number
of progressions and their distribution over the spectral range
from 330 to 410cm™!. However, there seems to be a sudden
drop in intensity at 410cm~! that can not be found in our
calculated results. The slight shift of our RVCI-spectrum by about
4cm™! compared to experiment can be explained by our error
in the VCI energy of 3.3cm™! (cf. Table4). Comparing the
spectra of Bane et al. for vg (Figures 2C and D in Bane et al,,
2011c) with ours (compare also in Supplementary Figure 2)
shows somewhat larger deviations. While the A-type P and R
branch structure is still recognizable in Figure 4, the spectra of
Bane et al. show a broader distribution of the K, sub-bands
leading to the A-type band shape being partially obscured. It

should be mentioned that there are isolated peaks protruding
both bands (see Bane et al., 2011c). Tests have shown (see
Supplementary Figures 1-4) that such prominent peaks as well
as the above discussed differences in the intensity patterns
originate from line broadening. Since we do not use any
broadening, those protruding peaks cannot be expected in our
spectrum, but of course must appear in the experimental spectra.

In contrast to the previously considered modes, the CH,
wagging mode v; does not change its macroscopic shape due
to Coriolis coupling. As can be seen in Figure 5, the general
form of v; corresponds to a C-type transition of a near-prolate
asymmetric top molecule. The main difference due to RVCI
(in the top panel) is the splitting of the central Q-branches. In
comparison with the work of Bane et al. (Figure 2B in Bane
et al.,, 2011b), there are two small deviations besides the overall
good agreement (compare also in Supplementary Figure 3).
First, there is a small shift for the two high peaks in the
middle of the mode. Second, the experiment seems to show
a sudden drop in intensity between the middle (650 and
730cm™!) and the outer parts of the progression (above 730
and 650cm™!). As mentioned before, the distributed peaks
shown in the paper of Bane et al. (2011b), are caused by a
Gauss broadening of the experimental results and are therefore
not to be expected in our spectra. The possible coupling of
v7; with higher energy modes (above 750 cm™! in Figure 5)
is not shown in the simulated spectrum of Bane et al.
(2011b).

Another example of extensive rovibrational coupling occurs
between 780 and 970cm~! (see Figure 5). The reason for
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this is the close proximity of three vibrational bands: one
fundamental band (vy; at 876.2cm™!, torsion, A” symmetry),
one combination band (vg + vy, at 880.7cm™!, A” symmetry)
and one overtone (2vg at 927.3cm™!, A’ symmetry) within
50 cm~!. Additionally, there is a further “dark state” involved,
corresponding to the overtone of the out-of-plane CCN bending
mode (2vg at 809.6cm~!, A’ symmetry). While the overtones
2vyy and 2vg are strongly coupled to the combination band
vg + V12 via a-axis Coriolis-coupling (§£12 = —0.802), similar to
the correspondingly coupled fundamentals, the v1; fundamental
has been shown to be in Fermi resonance with the combination
band (cf. Table 5). The resulting rovibrational coupling leads
to an almost complete loss of discernible band structure when
comparing the RCI (bottom panel) and the RVCI spectrum
(top panel). As a consequence, experimental assignment and
interpretation of this spectral region will be highly difficult
without reliable estimates of spectroscopic parameters obtained
from theory.

Figure 6 reveals only very weak Coriolis coupling between v3
and 2vg, respectively 2v19. One reason for this is that the largest
non-vanishing ¢ constants for ¢3's and ¢3'), correspond to b and
¢ direction, respectively. Hence the rotational constants along
the b and ¢ direction have to be considered. Since they are a
factor of 20 smaller then the A rotational constant, the coupling
is significantly weaker. In addition to that, Coriolis coupling
between a fundamental band and the overtone of another band
requires at least the first order in the p-tensor expansion.
Therefore, it is possible that in experiments a somewhat stronger

coupling occurs, even though it is unlikely due to the small
rotational constants. The only experimental results for this
mode have been presented by Ito et al. (1990). While a direct
comparison of spectra is ambiguous, due to relatively low
resolution and a contamination of the experimental probe, Ito et
al. do note signs of Coriolis perturbations in the fitted effective
spectroscopic parameters of the v3 band.

Figure7 shows the XH stretching fundamental region
between 3000 and 3500 cm~!. The corresponding fundamental
bands are the symmetric (v;) and antisymmetric (v9) CH, stretch
vibrations and the NH stretching mode (v1), in energetically
ascending order. Additionally, the v3 + vs and the v + vg
combination bands provide a significant contribution to the
spectrum. All bands show the expected shapes of A-type (v,
v3 + vs, and v3 + vg), B-type (v;), and C-type (vg) transitions.
So far there were no experimental results published for any of
these bands. The comparison between RCI (bottom) and RVCI
results (top) gives no indications for substantial Coriolis coupling
among the fundamental bands. This is supported by taking the
corresponding Coriolis coupling constants into account, where
the largest (absolute) value is found for ;4 = 0.05. Due to the
restriction to a constant g-tensor, no direct Coriolis coupling
between fundamentals v; and combination bands v; + vy is
included in the RVCI-matrix. While a strong interaction between
vy and vz + vs is unlikely because of very small ¢-constants
(|;“2bj| 0.003), such a coupling might be relevant for the vy
fundamental due to the close by v3 + vs combination band
and the substantial intensity difference. However, experimental

~
~
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observation of vy will be complicated by the fact that vy
rovibrational transitions will most likely be hidden in between
the stronger v3 + vg band. Overall the rovibrational transitions
in this spectral region have rather low intensity compared to
other spectral regions. The VCI band intensity of the strongest
vibrational transition v; (10.9km/mol) is already a factor of
about 20 lower than the two strongest fundamental bands (cf.
Table 4).

3.5. Summary and Conclusions

The vibrational, rotational and rovibrational spectra of
ketenimine have been studied by high-level ab initio methods
for the first time. Based on a new series of almost black-box
algorithms being implemented in the MOLPRO package of
quantum chemical programs, it was possible to simulate and
analyze the complex rovibrational features of this near-prolate
asymmetric top molecule. Note, that the input information for
these calculations comprises just the molecular structure and the
call of the requested modules, which act in a highly optimized—
with respect to memory requirements and CPU time—and
automated manner. Agreement with available experimental data,
i.e., ground state rotational constants, vibrational band origins,
dipole moments or the rotational spectrum as a whole, was
found to be excellent or at least very good. Beside the reliable
reproduction of experimental reference data, many predictions
could be provided, which we consider a trustworthy guidance
for new experimental studies or astrochemical observations.
The occurrence of several Fermi resonances even for fairly low
lying transitions requested accurate potential energy and dipole

surfaces, which has been accomplished by explicitly correlated
coupled-cluster theory and the rather new distinguishable
clusters approximation. A proper description of these resonances
was found to be important for the subsequent rovibrational
calculations. For example, the strong Fermi resonance of mode
v11 with the combination band vg + vy, has significant impact
on the spectrum, but was not discussed in the experimental work
(Bane et al,, 2011a). This example demonstrates the benefits, that
can arise from combined experimental and theoretical studies to
provide reliable reference data for astrophysical studies. Covering
a wide spectral range and identifying signature areas within
the spectrum are challenging goals in the future. Currently,
work is in progress to include coupling terms originating from
higher-order p-tensor terms and hot bands.
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ABSTRACT

Rotational and rovibrational spectra are a key in astrophysical studies, atmospheric science, pollution monitoring, and other fields of active
research. The ab initio calculation of such spectra is fairly sensitive with respect to a multitude of parameters and all of them must be care-
fully monitored in order to yield reliable results. Besides the most obvious ones, i.e., the quality of the multidimensional potential energy
surface and the vibrational wavefunctions, it is the representation of the y-tensor within the Watson Hamiltonian, which has a signifi-
cant impact on the desired line lists or simulated spectra. Within this work, we studied the dependence of high-resolution rovibrational
spectra with respect to the truncation order of the y-tensor within the rotational contribution and the Coriolis coupling operator of the Wat-
son operator. Moreover, the dependence of the infrared intensities of the rovibrational transitions on an n-mode expansion of the dipole
moment surface has been investigated as well. Benchmark calculations are provided for thioformaldehyde, which has already served as a test
molecule in other studies and whose rovibrational spectrum was found to be fairly sensitive. All calculations rely on rovibrational configura-
tion interaction theory and the discussed high-order terms of the y-tensor are a newly implemented feature, whose theoretical basics are briefly

discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0129828

I. INTRODUCTION

The identification of molecules in the interstellar medium
(ISM) is a grand challenge in astrophysics and is mainly based
on rotational and rovibrational infrared (IR) spectroscopy. Refer-
ence spectra for these molecules can either be measured in the
lab or obtained from simulations.” While the former approach
may struggle with the extreme conditions needed to trap these
systems, the latter suffers from limited accuracy with respect to
experimental measurements. Yurchenko and Tennyson et al,””’
Tyuterev, Nikitin, and Rey,‘\' 0 Bowman and Carter et al,'""”
Carrington and co-workers, '* Csaszar et al.,"”'° Matyus et al,'t®
and other groups'” have studied the rovibrational spectra of many
molecules based on highly accurate (and refined) potential energy
surfaces using variational approaches with impressive agreement
with respect to experimental reference data as available in popu-
lar databases.””*"”" Within this context, different strategies relying
on different Hamiltonians and coordinates have been followed up.
The latter range from polyspherical,” different internal to normal
coordinates, while grid-based and analytical finite basis approaches

are used for determining the desired eigenpairs. Particular effort
has been put into techniques that efficiently extract Hamiltonians
from the potentials and refine these by experimental data in order to
increase the final accuracy.” It is the occurrence of large amplitude
motions, which often require sophisticated techniques and Hamil-
tonians, while the Watson Hamiltonian is restricted to semi-rigid
molecules. A comparison by Cassam-Chenai et al.”’ of effective
Hamiltonians either being based on generalized perturbation theory
or on contact transformation techniques showed that the differ-
ence between the results of the investigated methods decreases as
the orders of the expanded Hamiltonians increase. Consequently,
our work here has a related focus. In contrast to the approaches
of the groups mentioned above,” '’ which try to avoid any limi-
tations, rovibrational spectra are also frequently simulated on the
basis of model Hamiltonians with parameters obtained from fits
to experimental transitions or from vibrational perturbation theory
(VPT).””" As our interest is in the investigation of semi-rigid
organic molecules in the interstellar medium (at low temperatures),
we employ the Watson Hamiltonian’” within the framework of
configuration interaction theory.

J. Chem. Phys. 157, 234105 (2022); doi: 10.1063/5.0129828
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In general, the ab initio calculation of rovibrational line lists
or the simulation of high-resolution infrared spectra of molecules
in the gas phase is a non-trivial task”* " as many quantities need
to be monitored and controlled in order to yield reliable results. In
many approaches for the description of nuclear motions, this prob-
lem arises mainly from truncated series expansions of terms arising
in the Hamiltonian. In the following, we will exclusively focus on
the Watson Hamiltonian’” and the specific terms within it. The most
obvious expansion, which is not bound to rovibrational calculations,
concerns the representation of the potential energy surface (PES).
This issue has repeatedly been discussed in the literature’”*" and,
thus, we take an n-mode expansion of the PES being truncated after
the four-mode coupling terms for granted, which guarantees a cer-
tain level of accuracy.”” " We will not discuss this topic in any detail,
but, instead, we examined the convergence of the line intensities
with respect to the expansion order of the dipole moment surface
(DMS). However, our emphasis is on the expansion of the y-tensor,
the inverse of an effective moment of inertia tensor,”” and, thus, on
all three quantities depending on it, i.e., we focus on the convergence
of state energies and rovibrational infrared intensities in dependence
of the y-tensor expansion for the (a) vibrational angular momen-
tum (VAM) terms, (b) purely rotational contributions, and (c) the
Coriolis coupling terms. About a decade ago, we have studied the
dependence of purely vibrational transitions on a y-tensor expan-
sion of the VAM terms for rigid molecules and within the context
of tunneling splittings as arising from double minimum potentials.*
The effect of neglecting Coriolis and related coupling terms has been
studied for different internal coordinates by Sarka et al."® Moreover,
the dependence of the final results of a rovibrational study on the
size of the vibrational basis will be studied.

As a result of this benchmark study, we will provide a set of
recommendations in order to guide accurate rovibrational config-
uration interaction (RVCI) calculations. RVCI theory or its coun-
terpart for non-rotating molecules, i.e., vibrational configuration
interaction (VCI) theory,"” ™" are appealing approaches for study-
ing (ro)vibrational spectra as they are, in principle, unlimited in
accuracy and can account for all sorts of resonances, e.g., Fermi’’
or Darling Dennison resonances.” This study is based on a fairly
new implementation of RVCI theory within a development ver-
sion of the MOLPRO suite of ab initio programs,™ which can deal
with any molecule belonging to an Abelian point group. We will
briefly recall the basic principles of this particular implementation,
which are necessary to understand the discussion of the bench-
mark calculations. We have restricted this study to calculations on
thioformaldehyde (H»CS, C,y), as this molecule has been used as a
benchmark molecule by several authors.”””* " Due to two quasi-
degenerate vibrational modes, which, however, belong to different
irreducible representations (irreps), the calculated spectrum was
found to be extremely sensitive with respect to the Coriolis coupling.
This and its limited size qualify this system for the investigations of
this study.

Il. THEORY
A. Rovibrational energies

As mentioned above, our implementation of RVCI theory
relies on the Watson Hamiltonian”’ making use of potential energy
surfaces V spanned by normal coordinates g;, i.e.,

ARTICLE scitation.orgl/journalljcp
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with «, 8 € {x,5,2}, and ], denoting a Cartesian component of the
angular momentum operator. The VAM operator 7, is given as

0
Mo = 5 Gid @
%]kq’aqk

with j denoting the antisymmetric Coriolis (-constants. The
y-tensor is represented by an n-mode expansion and can be
written as

Hap = 1 + g (@) + u (anag) - )
i i<j
with
8, i
g = o = ™ (4)
Iaﬁ

where I,4 is an element of the moment of inertia tensor and the
superscript (0) denotes its value at the reference geometry. At
positions given by elongations along the normal coordinates, the
u-tensor reads

top =l with  I5(9) = Lp(@) - Yilhaig. (5
ijk

With Egs. (4) and (5), the first and second order terms of the n-mode
expansion of the y-tensor can be written as

uly (@) = Iig' (@) - 1) ©)
uP @ a) = Iog' (g03) = 2wy (qi) - 5 @)
kG

The evaluation of the individual terms of the y-tensor essentially
takes no time since only the displaced geometry needs to be eval-
uated and no ab initio electronic structure calculations are required.
Likewise, the transformation of the grid representation of the tensor
to an analytical form using Kronecker product fitting is very fast."!
With that and assuming monomials as basis functions, the respective
terms of the y-tensor expansion can be written as

uly (@) = Ydd, ®)
Y (@n0) = Y giq), ©

with d:x; and dZ'; denoting the respective coefficients. Using these
relations, any integrals arising from the p-tensor can be evaluated
the same way as for the potential energy surface.

In the first step, we determine purely vibrational wave-
functions ®,,

|0,) = Y| ¢), (10)
1
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by solving the Schrodinger equation for non-rotating mole-
cules using configuration-selective VCI theory. For details, see
Refs. 58-60.

Switching now to RVCI theory, the Watson operator can be
written as

1 1
H=3 ;yaﬁwﬁ -5 ;(Jayaﬁnﬁ + Tataplp) + Hyips (11)

Hiot Hyy

where Hy;, denotes the purely vibrational part of the Watson Hamil-
tonian, which was used for determining ®,. Hyo is the rotational
contribution and H,y is the well-known Coriolis coupling operator.
Due to the n-mode expansion, the latter term cannot be simplified,
because the VAM operator does not commute with respect to the
individual y-tensor terms. Using the ansatz

‘\Provib.> = ZCW| q)r> | q)v) (12)

rv

for the rovibrational wavefunction, the corresponding rovibrational
Hamiltonian matrices need to be set up. For the rotational basis
functions, we use a linear combination of Wang combinations®’
being termed molecule specific rotational basis (MSRB). To obtain
the MSRB wave functions, the pure rotational problem is solved
[denoted rotational configuration interaction (RCI)]. Hence, for
every value of ], a matrix of size (2] + 1) describing the vibrational
ground state needs to be determined and diagonalized. The resulting
eigenvectors serve as rotational basis functions for the subsequent
RVCI calculations. For details, see Ref. 56.

It is important to note that within the VCI approach, a very
large number of Hartree products (configurations) are screened to
determine the vibrational wavefunctions @, in a compact form,
while only a very limited number of these vibrational state functions
need to be used in the rovibrational calculations.”” " The number of
these functions to be included is a matter of this investigation. For-
mally, for two rovibrational basis functions, distinguished by and "/,
the arising matrix elements for the rotational and Coriolis coupling
terms can be written as

(V' aap| V") (T 1| JeT | T ") (13)
and
(il ) O | ). )

While the integrals for (v" yaﬁ’ v") are straightforward to
evaluate [see Egs. (8) and (9)], the vibrational contribution to the
Coriolis coupling terms [cf. Eq. (14)] is more intricate and explicit
expressions are provided in the Appendix. Since the vibrational
integrals in (13) and (14) are independent of J, they do not have
to be recalculated for the different RVCI matrices, but can be
precalculated.

It is the truncation of the expansion of the y-tensor within these
integrals and the importance of the individual orders, which is the
subject of this study here. The rotational contributions in Egs. (13)
and (14) can be solved analytically, as has repeatedly been shown in
the literature once rigid rotor functions or their linear combinations
have been employed.®
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As a multitude of RVCI matrices has to be evaluated, these
can be distributed among the available processors, and thus, very
efficient parallelization schemes can be exploited.

B. Intensities

Rovibrational infrared line intensities can be computed accord-
ing to

27TZNA e_E”/kT(l _ e—(E'—E")/kT)
 3ggh2c? Q(T)

The prefactor contains only natural constants, a temperature-
dependent factor with the thermal occupancies of the initial and
final states with energies E” and E’, respectively, the rovibrational
partition function Q(T), the energy difference (E' - E”) of the
transition, and the square of the transition moment, R.

A separability approximation for the partition function has
been used within our calculations, i.e.,

Q = Qb Qrot» (16)

which was found to work very well for thioformaldehyde.”® Within
the calculation of the vibrational partition function, state energies
were simply approximated by the sum of modal energies. The rota-
tional partition function requires the calculation of nuclear spin sta-

tistical weights, g, in order to account for degeneracies. These were
66,67

(E'-EMR (15)

obtained from the Landau-Lifshitz formula corrected by Jonas.
The computationally most demanding and sensitive contribution is
the square of the transition moment, R, which in case of a rigid rotor
basis is given by

1
R=ga (2" + 1)@+ 1) 3 (1) T )

o=—1
o I’/ 1 ]/ 2
x> (=1)"( i}k)*Cifk( p ) : (17)
k"K' k o 7k

The (2] + 1) prefactors arise from the energetic degeneracy with
respect to the m quantum number and the Wigner 3-j symbols from
the transformation of the dipole moment from the molecule-fixed to
the space-fixed coordinate system. The coefficients C,j are obtained
by the diagonalization of the RVCI matrices. The vibrational dipole
moment integrals in spherical tensor form ,uﬁnl"j) are obtained by the
Cartesian components and can easily be precomputed. As the dipole
moment is also expanded in terms of an n-mode expansion, the
transition moment depends on the corresponding expansion order,
which has been investigated in this work.

C. Computational details

The equilibrium geometry of H,CS, the harmonic frequen-
cies, and the corresponding normal coordinates have been deter-
mined by explicitly correlated coupled-cluster theory including sin-
gle and double excitations and a perturbative treatment of the triple
excitations, CCSD(T)-F12a.°® An orbital basis set of triple-{ qual-
ity, i.e., cc-pVTZ-F12, as provided by Peterson et al.,”” has been
used in these calculations. Corresponding JKFIT and OPTRI aux-
iliary basis sets have been employed throughout this work.”’ The
exponent for the Slater-type frozen geminals was chosen to be 1.0.”!
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The 3C(FIX) ansatz was used within the initial MP2-F12 calculations
and the complementary auxiliary basis set (CABS) singles correction
was added to the total energies.””””

The multidimensional PES was represented by an n-mode
expansion being truncated after the four-mode coupling terms.””
A multi-level scheme’ has been used to reduce the computational
effort, i.e., the 1D and 2D contributions have been determined at
the same level of electronic structure theory as the harmonic fre-
quencies, while a smaller basis set of double-{ quality has been used
for the 3D and 4D terms. Conventional coupled-cluster theory, i.e.
coupled-cluster with single, double and perturbative triple excita-
tions [CCSD(T)] in combination with aug-cc-pVQZ (1D and 2D)
and aug-cc-pVTZ (3D and 4D) basis sets has been employed to com-
pute the corresponding dipole moment surface. The symmetry has
been exploited twofold, within the electronic single point calcula-
tions and the individual terms of the n-mode expansion.’” The grid
representations of the surfaces were transformed to an analytical
sum-of-products representation of nine monomials per mode using
Kronecker product fitting.*!

Vibrational wavefunctions have been determined in a varia-
tional manner from state-specific configuration-selective vibrational
configuration interaction theory (VCI).” *’ A symmetry-adapted
basis of Hartree products (configurations) has been generated from
ground-state based vibrational self-consistent field (VSCF) one-
mode wavefunctions (modals), i.e., linear combinations of mode-
specific distributed Gaussians. A constant y-tensor has been used
within the VSCF iterations. The correlation space within the VCI
calculations has been restricted by up to quintuple excitations, a
maximal sum of vibrational quantum numbers of 15, and a maximal
excitation per mode up to the sixth root. A residuum based eigen-
value solver (RACE) has been used to determine the eigenenergies
of predefined states. VAM terms were accounted for with zeroth
order terms of the u-tensor.*” For details of our VCI program, see
Refs. 58-60.

In the RVCI calculations, the total angular momentum opera-
tor J has been set to a maximum value of ,,, = 45 for the calculation
of the rovibrational states. As mentioned before, the partition func-
tion relies on separability approximation Q = Qu;, Q... Considering
sums of modal energies up to ~10593 cm™" yields Q,y, ~ 1.025. Fur-
thermore, the required rotational energies converged at J .. =54
and yields Q. ~ 5951.992. In total, this results in a partition func-
tion of Q ~ 6100.290. Note that, in contrast to our previous work
published in Ref. 56, this value differs by ~0.1%, due to a change
in convergence thresholds. For the calculation of the partition func-
tion and the intensities, the temperature has been set to T = 300 K.
During the calculation of the rotational terms, the expansion of the
y-tensor has been varied between zeroth and third order. Contrar-
ily, within the Coriolis coupling terms, the maximal expansion order
of the p-tensor was 2. The number of vibrational basis functions
(VCI states) was varied between 16 and 67, whereas the number of
rotational basis functions has always been set to 2] + 1, which is the
maximum number of rotational basis functions that can be consid-
ered. As mentioned before, the rotational basis functions (MSRB)
are a linear combination of Wang combinations. For the calculation
of intensities, all rovibrational states are considered, which fulfill the
selection rule AJ € {0,+1} and which show a thermal population of
the lower state of at least 0.1%. However, hot bands have not been
considered as the lowest vibrational mode is at v; ~ 990 cm™".

ARTICLE scitation.orgl/journalljcp

All calculations have been performed with the MOLPRO
program package.”

I1l. BENCHMARK CALCULATIONS

The goal of the benchmark calculations is the determination of
the impact of different simulation parameters and to set the level of
accuracy in perspective to the required computation time. All calcu-
lations refer to the rovibrational infrared spectrum of thioformalde-
hyde. In the following, the influence of a number of parameters on
this spectrum shall be studied, namely, (1) the order of the inverse
effective moment of inertia tensor y for the rotational terms, (2)
the u-tensor order for the Coriolis Coupling terms, (3) the multi-
mode expansion order of the dipole moment surface (DMS), and (4)
the size of the vibrational basis set. Besides these parameters, many
others may be studied, like the accuracy of the electronic structure
theory, the expansion order of the potential energy surface, or the
expansion order of the y-tensor in the VAM terms. However, most
of them have been investigated before.* "’

All test calculations presented below are compared to reference
calculations, in which every parameter is set to its largest level (see
above), i.e., the rotational terms include third order y-tensor contri-
butions and Coriolis coupling includes up to second order terms of
the p-tensor expansion. For the DMS, the n-mode expansion was
truncated after fourth order and the number of vibrational basis
functions was set to 67 (see below).

A. Rotational and Coriolis coupling terms

In the first step, the influence of the rotational and the Cori-
olis coupling terms shall be studied. For the rotational terms, the
u-tensor expansion is varied in the range between zeroth order and
third order. In contrast to that, the Coriolis coupling studies do
not start with zeroth order, but with completely neglecting Corio-
lis coupling. This is reasonable as one already yields a rovibrational
spectrum without considering these terms—due to the considered
rotational term.

Rovibrational states from different calculations are compared
by searching for matching sets of assigned quantum numbers. A
complete set of quantum numbers consists of the vibrational quan-
tum number v, the total angular momentum quantum number J,
and the z-component of the angular momentum £, respectively, k.
and k. for asymmetric top molecules. While J is a good quantum
number, this does not hold for v and k. Hence, the validity of com-
paring different rovibrational calculations depends crucially on the
quantum number assignment. To account for this effect, two dif-
ferent metrics are used in this comparison. The first is the mean
absolute deviation (MAD) of all states, while the second only consid-
ers the subset of states that have an assignment confidence A > 0.5
in both calculations. This is done in a two-step process. At first,
the final rovibrational wave functions are projected on the differ-
ent vibrational basis functions and the rotational basis functions.
The maximum value yields the confidence for the assignment of the
vibrational quantum number, Ay, and the assignment confidence
for the rotational quantum number, A;. The minimum of these
two values corresponds to A. For being able to assign local quan-
tum numbers to these states, a value of 0.5 is required.”” By using
these two metrics, it is possible to separate the effects of wrongly
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FIG. 1. Mean absolute deviation (MAD) of the state energies for different orders of
the u-tensor expansion. Red lines show the impact of the Coriolis coupling terms
and blue lines show the dependence on the rotational terms. The results of the
statistics, in which only states with a quantum number assignment confidence
A > 0.5 are considered, are displayed in dark colors and solid lines, while the
statistics for all states is presented in faint colors and dashed lines. The other
benchmark parameters are set to their highest values, i.e., the number of vibra-
tional basis functions is N,j, = 67, while the dimension of the DMS s irrelevant as
intensities are not considered.

assigned states from actual shifts in the state energies up to a certain
extent. It should be noted that there is also a correlation between the
assignment confidence A and the coupling strength. This means that
purely focusing on the statistics of the subset of filtered states would
systematically undervalue the strongly coupled states.

The impact of these terms on the accuracy of the calculation is
shown in Fig. 1. Clearly, all four lines show a nearly linear decline
in this logarithmic plot, which has to be expected for a converging
expansion. Furthermore, the subset that fulfills the condition A > 0.5
has a consistently lower MAD than the full set of compared states. By
increasing the y-tensor expansion order, this deviation also increases
significantly from a factor of about 2.5 for the lowest order, up to a
factor of about 25 for the highest order. The exact numbers for the
MADs can be seen in Tables I and II. In general, the rotational terms
require a y-tensor order, which is about one order higher than the
corresponding Coriolis coupling terms for a comparable accuracy.

TABLE I. Calculation times ¢ for the evaluation of the rotational terms, mean absolute
deviation (MAD) of all calculated states AE AP, as well as the MAD AEMAD for the
subset with quantum number assignment confidence A > 0.5. The COI’iO[IS coupling
term uses a y-tensor expansion up to second order. The number of vibrational basis
functions (VCI states) is set to Ny, = 67.

p-tensor t (s) AEMAP (cm™) AENMAD (em™)
0D 10.9 152.25 72.64

1D 21.1 25.37 5.04

2D 22.2 1.66 0.07

3D 29.0 .. ..a

*Reference calculation.
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TABLE II. Calculation times t for the evaluation of the Coriolis coupling terms, mean
absolute deviation (MAD) of all calculated states AE M0, as well as the MAD AE AP
for the subset with quantum number assignment confidence larger than 0.5. The rota-
tional term uses u-tensor terms up to third order and the number of vibrational basis

functions (VCl states) is set to Nyj, = 67.

y-tensor t(s) AEMAP (em™) AENAD (ecm™)
None 0.0 120.50 46.07

0D 4.2 22.27 1.36

1D 48.2 5.31 0.17

2D 1617.2 e et

*Reference calculation.

In addition to the MADs, the aforementioned tables also contain the
central processing unit (CPU) times.

It should be noted that the times presented in Tables I and IT are
not the CPU times for a complete RVCI calculation, but only for the
corresponding precalculations described in Sec. II A. For the rota-
tional terms, there is only a moderate increase in CPU time due to
efficient prescreening of the VCI wavefunction coefficients as well as
contraction of integrals. In contrast to this, Coriolis coupling terms
show a near exponential increase in computation time. One reason
for this is the intrinsically higher complexity of these terms due to the
additional 7, operator [cf. Eq. (2)], which results in a larger number
of different cases that have to be considered. Another reason is that
the Coriolis coupling terms have not yet been fully optimized with
respect to the CPU time in our implementation so far. Since compu-
tation times for the precalculations depend crucially on the number
of selected VCI configurations, the determined trends can only be
generalized to molecules with a roughly similar number of configu-
rations (Hartree products). For H,CS, the most viable strategy is to
set the y-tensor order of the rotational terms to its maximum and
to choose the y-tensor order for Coriolis coupling depending on the
desired accuracy and available computational resources. This will be
discussed in more detail, in Sec. I11 D.

B. Vibrational basis size

A crucial parameter in configuration interaction methods is the
number and proper selection of basis functions. Our implementa-
tion of RVCI relies on a direct product of vibrational and rotational
basis functions. While the latter has an upper limit of meaningful
basis functions that depends on J and is equal to (2] + 1), the num-
ber of the former, i.e., VCI wavefunctions, is, in principle, unlimited
and, therefore, the subject of study in this section.

In Sec. 11T A, two types of metrics have been used to evaluate
the accuracy of the different expansion orders of the y-tensor. These
are the MAD of all calculated states and the subset of states with a
quantum number assignment confidence of A > 0.5. Since the qual-
ity of the assignment is very poor for a rather small set of vibrational
basis functions, the unfiltered metric becomes meaningless. For this
reason, the MAD for the filtered subset AEMAD serves as the main
metric in this section. Furthermore, the median for the same subset
of filtered states is used as it is less sensitive to any outliers.

An almost linear trend with a small negative slope for the MAD
(red line) is shown in the logarithmically scaled Fig. 2. One rea-
son for the slow convergence can be seen by comparing the median
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FIG. 2. Deviation of RVCI state energies from the reference calculation for dif-
ferent vibrational basis set sizes. The red line describes mean absolute deviation
(MAD) and the green line describes the median. States where the quantum num-
ber assignment confidence A is lower than 0.5 are not shown, because for small
numbers of vibrational states, inconsistent assignments of the states make the
statistics meaningless. The other benchmark parameters are set to its highest
values; i.e., the p-tensor order for the rotational term is set to 3 and for Coriolis
coupling, the p-tensor order is 2. The dimension of the DMS is again not relevant
as intensities are not considered.

and MAD in Fig. 2. The median, AEN" which roughly shows
a quadratic behavior, is consistently a factor of about 7 lower than
AEMAP | except for the last two basis set sizes, where the deviation
increases to roughly a factor of 50. Hence, there is a number of
outliers that dominate the overall results in the statistics.

In comparison to the results of Sec. III A, where an accu-
racy of AEMaP <5 cm™ could be reached with low computational
effort, only the second largest vibrational basis set can meet this level
of accuracy. The corresponding CPU times are listed in Table ITI.
Note that this table shows the fotal CPU times of both, the VCI
and RVCI calculations, instead of the run time for the precalcula-
tions only. This is due to the fact that the size of the vibrational
basis influences all time demanding steps within VCI and RVCI
theory, while the selected u-tensor order almost exclusively influ-
ences the precalculation times. In summary, it can clearly be seen
that achieving convergence in the vibrational basis size is much
more demanding with respect to the CPU time than achieving con-
vergence for the coupling terms. For this reason, it is particularly
difficult and likewise important to find a good tradeoff between
accuracy and computation times. This, for example, is in contrast
to the less critical choice of the truncation of the y-tensor expansion
in the rotational terms with regard to the CPU time. Besides this,
we found it to be important that all VCI wavefunctions being used
in the RVCI calculations need to be tightly converged with respect
to the correlation space in the underlying VCI calculations, which
is not necessarily the case for high lying overtones or combina-
tion bands. As a consequence, modals with large quantum numbers
should be employed in the generation of the Hartree products, i.e.,
the basis of the VCI wavefunctions, which render these calculations
expensive.
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TABLE lll. Total VCI and RVCI computation times ¢ for different vibrational basis set
sizes, mean absolute deviation (MAD), AEMEP, and median, AE}e9" for all cal-
culated states, with quantum number assignment confidence larger than 0.5. The
rotational term employs a u-tensor expansion up to third order and the Coriolis

coupling operator contains up to second order p-tensor contributions.

No. vib. states t(s) AEMAD (em™h) AEMedian (=1
16 171.1 86.2 15.2
26 416.8 63.7 11.5
34 747.8 40.2 6.9
42 1111.2 25.7 3.6
47 1818.9 20.7 2.9
55 2263.6 10.2 0.7
61 3000.2 53 0.1
67 4189.0 ¢ ¢

*Reference calculation.

C. Dipole moment surface expansion

Secs. III A and III B focused on parameters influencing the
RVCI energies directly and the intensities, which depend on the
transition energies [cf. Eq. (15)], indirectly. In contrast to that, this
section studies the impact of the expansion order of the dipole
moment surface (DMS) on the resulting intensities. The metrics
used here, which are directly related to the metrics for the transi-
tion energies, are the relative MAD for intensity changes, AINAP,
in the full set of relevant transitions and AIMAP, which is defined
analogously for the subset of transitions, in which both states of
the transition have an assignment confidence larger than A > 0.5.
The term relevant transition is used as the total number of pos-
sible transitions has been reduced to those, which show sufficient
intensity. For example, when J .. =45 and 67 vibrational states
are considered, there are about 1.47 - 107 transitions fulfilling the
selection rule AJ € {-1,0,+1} and the condition v; <7000 cm™.
A check for the thermal occupation of at least 0.1% for the lower
rovibrational states reduces this to 6.6 - 10° transitions. Consider-
ing only transitions, which have an intensity ratio of at least 107,
relative to the strongest line in the spectrum and filtering transitions
with unambiguously assigned states leads to the final number of
44768 transitions. Including the filter for an assignment confidence
of A > 0.5 reduces the number of transitions only slightly to 39 866.
For this reason, the difference between the two metrics must be
expected to be small.

Similar to the y-tensor expansion (cf. Fig. 1), Fig. 3 shows a fast
convergence in dependence on the order of the DMS. The result-
ing error, AIMAP | is reduced by more than two orders of magnitude
when the order of the surface is increased by 2. The exact num-
bers are given in Table IV. Comparing the two different metrics, i.e.,
AINAP and AIMAP, shows no significant difference. There are two
reasons for this behavior: (1) As the DMS has no impact on state
energies, the assignment of any states is entirely independent from it.
Consequently, any misassigned states do not affect the relative con-
sideration of the spectrum with respect to different expansion orders
of the DMS. (2) Furthermore, as mentioned before, the set of tran-
sitions with sufficient intensity and without ambiguously assigned
states leads to a set of states with most of them showing a large
assignment confidence (~89%). Hence the differences of the two
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FIG. 3. Relative MAD of the intensities for different orders of multimode expan-
sion for the DMS. The results of a statistics, where only states with quantum
number assignment confidence A > 0.5 are considered, are displayed in a solid
red line and dots, while the statistics for all states is presented in a blue and
dashed line. The other benchmark parameters are set to its highest values; i.e., 3D
u-tensor for rotational terms and 2D p-tensor for Coriolis coupling, and the number
of vibrational basis functions is Nyj, = 67.

lines in Fig. 3 are hardly visible and, thus, only one metric is provided
in Table I'V.

In contrast to the previous tables, Table I'V does not compare
the computation time for the different orders of the expansion. This
is due to negligible CPU times of about 6 s for this part of the
code and, thus, for H,CS, the calculation of the vibrational transi-
tion moments requires almost no time in comparison to other parts.
Consequently, for this molecule, the calculation essentially is inde-
pendent of the order of the DMS expansion. The most prominent
reasons for that are a very effective prescreening on the prod-
ucts of the VCI wave function coefficients and the low number
of configurations in the VCI wave functions as obtained from our
configuration-selective implementation of VCI theory.

D. Influence on spectra

The previous studies revealed the influence of the different
approximations on the different metrics. In this section, the impact

TABLE IV. Mean absolute deviation (MAD) of the percentage change in intensities
for all calculated states, AIMAD, for different expansion orders of the dipole moment
surface. The number of vibrational basis functions is set to N, = 67. The rotational
term uses third order u-tensor and the Coriolis coupling term uses a second order
p-tensor expansion.

DMS order AINAP (%)
1D 10.66
2D 1.43
3D 0.04
4D a

*Reference calculation.

ARTICLE

scitation.org/journalljcp

shall be demonstrated by a visual comparison of the respective spec-
tra and scatter plots. Moreover, we do not focus on the variation of
a single parameter, but rather three different levels of accuracy are
introduced.

Since there are two parameters that were found to be not crit-
ical with respect to the overall computation time, i.e., the y-tensor
expansion order for the rotational terms and the expansion order
of the dipole moment surface, they will be set to the reference val-
ues, i.e,, 2 and 3. In contrast to that, the expansion order of the
u-tensor within the Coriolis coupling terms is set to 0 for the low
accuracy calculation, 1 for the medium accuracy, and 2 for the high
accuracy. In addition to that, for low accuracy, the vibrational basis
corresponds to all VCI states, which have a frequency lower than or
equal to 4200 cm™ and have a sum of vibrational quantum num-
bers not exceeding 3. This corresponds to the 42 vibrational states
in Table III. For the medium accuracy, the frequency threshold was
set to 5700 cm ™', which corresponds to 61 VCI states. The results
with high accuracy were achieved by using a frequency threshold of
7000 cm™" resulting in 67 vibrational modes.

The results of the three calculations are shown in Fig. 4 for a
small region of about 3.5 cm™". It shows a progression belonging to
a strong coupling region involving the three fundamental bands v4,
ve, and v3. The differences between the three simulations in that plot
are visible in terms of a shift in the whole progression. In addition
to that the spacing within the lines of the progression has changed.

Wavelength in pm

8.715 8.705 8.7

Medium accuracy (b)

8.695 8.69

High accuracy (c)

Intensity in arbitrary units

...|||||‘|HHH . |

1147.5 1148 11485 1149 11495 1150 11505
Wavenumber in cm™

FIG. 4. Narrow section of the rovibrational spectrum of H,CS in dependence on dif-
ferent levels of accuracy. The selected area covers a part of the tail of the strongly
coupling region, between three fundamental bands [v4 at 989.4 cm=" with By sym-
metry, vg(B,) at 989.5 cm=" and v3(A;) at 1060.2 cm~"]. Low accuracy calculation
(a) employs Ny, = 42 vibrational basis functions and zeroth order y-tensor expan-
sion for Coriolis coupling. Medium accuracy (b) uses Nyj, = 61 with first order
p-tensor in Coriolis coupling and for high accuracy, (c) Ny, = 67 is employed with
second order p-tensor in Coriolis coupling.
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The reason for that is a change in the centrifugal distortion, which
could be expected as the impact of the Coriolis coupling terms has
changed.

Another way to investigate the influence of different levels of
accuracy is by analyzing scatter plots. For this reason, all transitions
of two different calculations are compared pairwise when all quan-
tum numbers match and the resulting plot is shown in Fig. 5. The
red dots show the difference between the calculations with low and
high accuracy and the blue dots show the same for the calculations
with medium and high accuracy. The figure reveals several aspects:
(1) the deviations in the transition frequencies are about two orders
of magnitude smaller than the deviation in the intensities. However,
both errors decrease substantially when increasing the accuracy of
the calculation, i.e., considerations of the blue points instead of the
red ones in Fig. 5. (2) In the majority of compared transitions the
lack of accuracy leads to an underestimation of the frequency, but
rarely to an overestimation. For the intensity on the other hand,
there is no such general systematic effect. (3) Moreover, there are
no data points in blue for which the error for both the intensity and
frequency is high. Although the figure shows only the most interest-
ing section of the whole dataset, this statement also holds true for the
latter. As a result of that, it is unlikely that there are many transitions
belonging to states, for which the assignment differs between the
calculation with medium and high accuracy, i.e., misassignments in
one of the calculations. In contrast to that, the comparison between
calculations with low and high accuracy shows data points

60 — T T T T T

Relative intensity deviation in %
=
T

-60 I i L i L 4 1 i L i I i L
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Relative frequency deviation in %

FIG. 5. Scatter plot for the relative deviations in frequencies and intensities for
different levels of accuracy. All rovibrational transitions of H,CS with J < 45 orig-
inating in the vibrational ground state and ending either in the vibrational ground
state or in one of the fundamental bands are considered. Red dots denote the
differences between the calculations with low accuracy and high accuracy (refer-
ence) and blue dots denote the differences between the calculations with medium
accuracy and high accuracy.
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with »35% error in intensity and ~0.5% error in frequency.
A comparison of the energies of all three computational lev-
els with experimental data in terms of state lists is provided in
Table IV.

The computation time for the calculation with lowest accu-
racy amounts to ¢ = 738 s, which is about 33% less in comparison
to the calculation in Table III with a vibrational basis set size of
42, which is due to the additional reduction in the order of the
y-tensor expansion. For the medium and high accuracy calcula-
tions, the computation time increases to ¢t = 1946 s and t = 4189 s,
respectively.

IV. SUMMARY AND CONCLUSIONS

The dependence of rovibrational transitions and their corre-
sponding intensities on the truncation orders of n-mode expansions
of the y-tensor and dipole moment surfaces (DMS) has been studied
by benchmark calculations for thioformaldehyde. The explicit con-
sideration of high order terms, i.e., 2D, of the y-tensor in the purely
rotational contributions to the Watson Hamiltonian was found to be
important in order to yield accurate results. However, these terms
do not constitute a computational bottleneck and, thus, there are
essentially no reasons to exclude these terms from standard calcula-
tions. Likewise conclusions hold true for the expansion terms of the
DMS within the calculation of rovibrational intensities. However, it
is an efficient prescreening, which is responsible for the efficiency
in these calculations. The inclusion of high-order Coriolis coupling
terms is much more demanding, and improved implementations
are needed to limit the computational effort. Work in that direc-
tion is currently in progress. 2D Coriolis coupling terms may still
be important for accurate calculations, but it needs to be kept in
mind that thioformaldehyde is a sensitive molecule with respect to
Coriolis coupling and, thus, it might be that for many molecules the
inclusion of 1D terms is sufficient. This needs to be verified by cal-
culations for other systems. The most crucial factor appears to be a
proper number of vibrational basis functions (VCI wavefunctions)
to be included in the RVCI calculations. Apparently, an inclusion of
the fundamental VCI transitions is not sufficient and a number of
overtones and combination bands need to be considered as well, but
these can be controlled by energetically upper limits and the exci-
tation patterns within the combination bands. Algorithms, which
predict important VCI states to be included, would be very beneficial
as general rules may fail for challenging molecules. Moreover, while
a good visual appearance of an overall spectrum can be achieved with
rather limited effort, the accurate calculation of line positions leads
to a fast increase in the CPU time demands. In general, relative devi-
ations with respect to intensities were found to be larger than for
energies. With this, the findings of this study can be used as an ini-
tial guess of input parameters for RVCI calculations, which need to
be optimized in dependence on the molecule to be studied and the
available computational resources.
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APPENDIX: CORIOLIS INTEGRALS

The Hartree product (configuration) of a vibrational wavefunc-
tion according to Eq. (10) is given by

3N-6

= I} i (a:), (A1)

with ¢} (g;) denoting the one-mode wavefunctions (modals) and the
set of normal mode indices M € {1,...,i,...,3N - 6}. Using the
n-mode representation of the y-tensor with the individual terms
expressed as shown in Eqs. (8) and (9), the Coriolis integrals
(¢£| Tafhag + yaﬁﬂﬁ| (/5{,) can be evaluated by the terms of different
order. The antisymmetry of the {-constants, i.e., (,‘; =— Jf}‘ and {j; = 0,
and the symmetry of the y-tensor reduce the number of contribut-
ing integrals to just some very few, which will be presented in the
following. For brevity, the sums over « and f3, as well as prefactors,
e.g., the Coriolis {-constants, are neglected.

1. Zeroth order integrals

As P‘i?s) is just a constant, the terms (naygz) + yig) ng) of the
Coriolis coupling operator are identical and yield the integral

(0) 91y
Icc =2 v di 5| Pv]- A2
<¢ g ¢) (A2)
Using the abbreviations,
Qi = {gildilel). (A3)
19}

Al =\oilal ¢! ), A4
ia <<p, 5 o |” (A4)
5?..;‘( ol TI ¢£>, (A5)

keM\{i....j}  |keM\{i...j}
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with Sg denoting a mode-reduced Kronecker-§ of two Hartree
products, and the zeroth order term can be computed as

19 - 2018030, (46)

2. First order integrals

The two contributions of the first order term of the Coriolis
coupling operator, i.e.,

Y{oulmatsly (a0) + 1) (a0) s/ ¢1) (A7)
k

do not necessarily commute and three different cases for Ic(cl) must
be distinguished,

k=i%j: zzd;;q(m) Ajgdy, (A8)
k#isj=k: Zd” @A) +rQy,_,))8, (A9)
k+izjk: 22 QAL QLS (A10)

Within the conditions, the indices i and j refer to the VAM-operator
7, and the index k to the y-tensor expansion. The variable d;; is
already defined in Eq. (8).

3. Second order integrals

i)

A likewise expression can be derived for I;;”, which refers to

S (Ol maptls) (g @) + 15 (o @) s 61) - (A11)

kl

As yiz) (gx>qi) denotes a difference, cf. Eq. (7), the diagonal coeffi-

cients d’;’l‘;” must be zero and, thus, always k # . The four different

cases, which need to be distinguished, are

k1
i+ % 23 dy QAR QL QL 8} (A12)
j*o* "
k1
1= # ZZdZL:SQz(r+1) 5]8;]1’ (A13)
i o#
k1
i+ oz Zdﬂrs AU+1’Q it 1))Qf:]8111]1’ (A14)
j =%
k1
i = 2 Zdllrs D) AU+5Q(S 1))82-]. (A15)
] *F =
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It shall be noted here that the condition for arising integrals can be
generalized to any further high-order Coriolis coupling terms, but
in all these cases, just four integrals do not vanish, which refer to the
four cases of the 2D contributions.
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ABSTRACT

From an astrochemical point of view, propynal is a complex organic molecule. Moreover, it is a potential candidate for the
formation of prebiotic propanal and propenal. Therefore, this molecule is of particular interest for astrochemical investigations.
As it has been detected in the interstellar medium, it is of high relevance in this field of research. Although experimental data
are available for the vibrational fundamental bands and rotational constants, experimental data for vibrational overtones and
combination bands are scarce and fairly old. Additionally, high-level ab initio calculations are also not reported. In this work,
we provide accurate quantum chemical calculations as well as a detailed analysis of vibrational and rovibrational properties
for this molecule. The low-frequency spectrum up to 350 cm™~! has been studied for temperatures between 10 and 300 K. For
the same temperature range, partition functions are provided. Furthermore, the impact of hot bands up to room temperature
has been investigated. A comparison of our results with experimental data is provided for the rotational constants, geometrical
parameters, and a rovibrational spectrum. The underlying potential energy surface within these calculations is based on explicitly
correlated coupled-cluster theory and includes up to four-mode coupling terms within an n-mode expansion. The vibrational and
rovibrational calculations rely on vibrational and rovibrational configuration interaction theories, respectively.

Key words: molecular data—line: identification —infrared: general —radiation mechanism: general —ISM: general —ISM: lines

and bands.

1 INTRODUCTION

The first molecule detected in the interstellar medium (ISM) was
methylidyne (CH) in 1937 (Dunham 1937; Swings & Rosenfeld
1937; McKellar 1940). Since then more than 200 molecular species
have been detected in the interstellar and circumstellar media (Miiller
et al. 2001, 2005; Endres et al. 2016; McGuire 2018). One important
subset of these is molecules with more than five atoms that contain
at least one carbon atom. They are usually referred to as complex
organic molecules (Herbst & van Dishoeck 2009) and they are
thought to be important building blocks for biologically relevant
molecules (Woon 2002; Theule et al. 2011; Ohishi 2019). Propynal
falls into this class. Furthermore, as propynal is a potential candidate
for the formation of prebiotic propenal (CH,CHCHO) and propanal
(CH3CH,CHO), it is of particular interest for astrochemical inves-
tigations (Irvine et al. 1988; Turner 1991; Hollis et al. 2004). The
first detection of propynal in the ISM was by Irvine et al. (1988) and
was followed by many more investigations in space (Turner 1991;
Ohishi & Kaifu 1998; Hollis et al. 2004).

Independent from astrochemical investigations, over the last
decades, propynal has been studied by several groups, mostly by
experimental methods. In an early work, Brand & Watson (1960)
determined all vibrational fundamental bands and some additional
ones of propynal and its singly deuterated isotopologues by means of
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gas-phase infrared spectroscopy. These studies were refined by the
same group (Brand, Callomon & Watson 1963) using near-ultraviolet
spectroscopy (see also Howe & Goldstein 1958) with a focus on the
band at 382 nm.

A study of 15 different propynal isotopologues beyond deuteration
has been performed by Costain & Morton (1959). Roughly at the
same time, King & Moule (1961) employed gas-phase infrared spec-
troscopy in the region between 380 and 4000 cm™! as well as Raman
spectroscopy to measure the frequencies of the pure vibrational tran-
sitions. To reach an even higher accuracy, the subsequent works used
either double resonance laser measurements (Takami & Shimoda
1976; Jones 1980) or direct current (DC) glow discharges (Jaman
et al. 2011). While the previously mentioned publications focused
more on gas-phase spectroscopy at room temperature, there are recent
measurements of frequencies of the vibrational fundamental bands
in amorphous propynal at 7' = 10K and in the crystal phase at
T = 125K by Hudson & Gerakines (2018). In addition to that, the
results of a simulation based on a potential energy surface (PES)
obtained by density functional theory (DFT) for the aforementioned
frequencies have been published by Margules et al. (2020). However,
it should be mentioned that this work mainly focuses on propynethial,
which is the sulphur analogue of propynal.

The first experimental determination of rotational constants was
performed by Howe & Goldstein (1955) and later on refined
by Winnewisser (1973). The latter determined all quadratic and
quartic spectroscopic constants, but only two of the seven sextic
parameters. Three decades later, McKellar et al. (2008) did not only
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determine the rotational and centrifugal distortion constants with
much higher accuracy, they also calculated these constants for four
different excited vibrational modes. The most recent publications on
the spectroscopic constants of propynal are by Barros et al. (2015)
using coherent synchrotron radiation Fourier transform spectrometry
and by Jabri et al. (2020) determining also some octic centrifugal
constants and investigating more excited vibrational bands.

Within these studies, there are only three spectra that have been
published for the undeuterated propynal. The first one is by King &
Moule (1961) for a very broad spectral range of 400-3600cm™".
Nearly five decades later, McKellar et al. (2008) presented a high-
resolution spectrum for 215 K at 580-730 cm~!. The most recently
published spectrum of propynal was again by McKellar (2010), in
a review article about high-resolution infrared spectroscopy with
synchrotron sources. The section about propynal was based on earlier
work of Robertson et al. (2009), showing a high-resolution spectrum
at 80410 cm~! measured at the Australian synchrotron, which has
been used as reference spectrum within this work.

As mentioned earlier, the majority of these studies are based on
laboratory experiment. The number of theoretical investigations and
in particular ab initio calculations is very limited. Over the last
decades, a multitude of different approaches for the simulation of
vibrational and rovibrational spectra have been developed by the
community (Rauhut 2004; Yachmenev et al. 2011; Carter, Bowman &
Handy 2012; Wang & Carrington 2013; Yachmenev, Polyak & Thiel
2013; Carter, Wang & Bowman 2017; Nikitin, Rey & Tyuterev 2017;
Rey, Nikitin & Tyuterev 2017; Yurchenko et al. 2017; Ferenc &
Matyus 2019; Sarka, Petty & Poirier 2019; Simmons, Wang &
Carrington 2019; Smydke et al. 2019; Tobias et al. 2019; Tyuterev
et al. 2019; Clark et al. 2020; Santa Daria, Avila & Matyus 2021;
Tschope et al. 2021). One of these approaches relies on the Watson
Hamiltonian (Watson 1968) and subsequent vibrational configuration
interaction (VCI; Bowman, Christoffel & Tobin 1979; Christoffel &
Bowman 1982; Neff & Rauhut 2009; Pfeiffer & Rauhut 2014;
Schroder & Rauhut 2022) and rovibrational configuration interaction
(RVCI; Erfort et al. 2020a; Erfort, Tschope & Rauhut 2020b, 2022)
calculations. It allows for the efficient determination of rovibrational
spectra for semirigid molecules, by using high-level PESs described
in normal coordinates (Ziegler & Rauhut 2016, 2018, 2019). Limi-
tations for this approach occur for floppy molecules and vibrational
modes with large deflections, because the underlying expansions
converge slower, which makes the calculations less efficient. This
approach, which is not bound to a model Hamiltonian, appears to be
very suitable for our investigations for several reasons: (1) propynal
is a semirigid system, (2) we focus on low temperatures, and (3) we
are studying the spectra up to 350 cm™'.

In this study, we use a high-level multidimensional PES as well as
VCI and RVCI calculations to determine the (ro)vibrational spectrum
of propynal. We present data for the geometrical parameters and
values for the partition functions between 10 and 300 K. Furthermore,
we provide spectra considering pressure broadening, infrared stick
spectra, and vibrational line lists. In addition to that we discuss
the influence of hot bands on the simulated spectra for different
temperatures and compare our rotational constants with experimental
results.

2 THEORY

2.1 Rovibrational energies

Our implementation of RVCI theory is based on the Watson Hamil-
tonian (Watson 1968),
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which relies on the Born—Oppenheimer PES V expanded in terms of
normal coordinates ¢;. Moreover, it depends on the Cartesian com-
ponents of the angular momentum operator, J,,, and the vibrational
angular momentum (VAM) operator

0
Mo =—i D Lhqj— 3)
I g 0qx

with ¢% denoting an element of the antisymmetric Coriolis ¢-
constant tensor. «, B € {x, y, z} denote Cartesian components.
The Watson Hamiltonian can be split into the rotational term Hy,
the Coriolis coupling term H,,, and the pure vibrational term H;,.
The latter two depend on the inverse of the effective moment of
inertia tensor 1 (Watson 1968). We are using an n-mode expansion
(Bowman, Carrington & Meyer 2008) and an analytical sum-of-
products representation by means of polynomials to describe the
potential V and the u-tensor.

The rovibrational calculations rely on a two-step process. At first,
VCI theory is used to solve the Schrodinger equation for the non-
rotating molecule with respect to H,j,. This yields the vibrational
energies and wavefunctions

[®,) = cr|oh) . )

1

Within the VCI approach, a large number of Hartree products
‘¢£> (configurations) are screened to determine the vibrational
wavefunctions |®,) in a compact form (Mathea & Rauhut 2021;
Mathea, Petrenko & Rauhut 2022).

In the second step, RVCI theory is used with a direct product of
the VCI wavefunctions and pure rotational basis functions |®,) to
solve the Schrddinger equation for the Watson operator of rotating
molecules (equation 1) and to determine the rovibrational state
energies and wavefunctions

|Whovin) = D Cro | ®;) D) . (5)

For |®,), we are using a molecule-specific rotational basis
(MSRB), which is a linear combination of Wang combinations. It is
determined by solving the Schrodinger equation of the pure rotational
part of the Watson Hamiltonian H,, and was introduced by Erfort
et al. (2020b). The diagonalization of the resulting RVCI matrix
yields the desired wavefunctions.

2.2 Intensities

The rovibrational infrared line intensities, given by

I = 2712NA e—E”/kT(l_e—(E’—E”)/k'l')

3egh?c? o(T) (E'— E"R, (6)

depend on some mathematical and physical constants in the pre-
factor as well as the thermal occupation of the specific rovibrational
state, the energy difference (E' — E”) between the two concerned
states, and the square of the transition moment R. For the determina-
tion of the partition function

Q=) gne /ool @)
rv
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all calculated rovibrational state energies E,, and the corresponding
degeneracies g,, are used. This is in contrast to previous work,
where we approximated the partition function by a separability
approach. The degeneracies g,, = gns(2/ + 1) depend on the nuclear
spin statistical weights (NSSWs). For propynal, both irreducible
representations A" and A” yield the same value for the NSSWs of
8&ns = 4.

3 COMPUTATIONAL DETAILS

The equilibrium geometry, the harmonic frequencies, and hence the
normal coordinates of propynal have been calculated by explic-
itly correlated coupled-cluster theory including single and double
excitations and a perturbative treatment of the triple excitations,
CCSD(T)-F12b. For the calculation of the line lists and spectra, the
frozen core approximation has been used within the calculation of the
PES. This approximation relies on error compensation with respect
to neglected contributions to the electronic energy, as for example
high-order coupled-cluster terms, relativistic effects, diagonal Born—
Oppenheimer corrections, and core-correlation contributions. This
usually leads to vibrational frequencies that match nicely with exper-
imental results as can be seen in our results below. In contrast to that,
all electron (ae) correlation calculations have been used to determine
the rotational constants, since previous work has shown (Schneider &
Rauhut 2023) that this improves the quality significantly. The orbital
basis set used in these calculations has triple-¢ quality, i.e. cc-pVTZ-
F12 (Peterson, Adler & Werner 2008) in case of the frozen core
approximation, and cc-pcVTZ-F12 for the ae calculations. Within
the latter coupled-cluster calculations, different exponents y were
used for the Slater geminal functions referring to core—core, core—
valence, and valence—valence orbital pairs, i.e. 0.8, 1.7, and 2.2, as
recommended by May & Manby (2004), while for the frozen core
calculations a constant y of 1.0 has been chosen. The complementary
auxiliary basis set correction has been used to improve the Hartree—
Fock energies.

An n-mode expansion truncated after the four-mode coupling
terms was used to represent the multidimensional PES (Bowman
etal. 2008). The level of electronic structure theory used to determine
the 1D and 2D subsurfaces was the same as for the calculation of
the harmonic frequencies, while for the calculation of the 3D and
4D subsurfaces the distinguishable clusters approximation, DCSD,
was applied in combination with a double-¢ basis set. Such so-called
multilevel schemes are described by Pfliiger et al. (2005). The dipole
moment surface was calculated by the corresponding conventional
methods without explicit correlation. Run time savings due to
symmetry were exploited for both, the electronic single point cal-
culations and the different terms of the n-mode expansion (Ziegler &
Rauhut 2018). A transformation of the grid representations of the
surfaces to an analytical sum-of-products representation was applied
to save computational time within the subsequent VCI calculations.
Kronecker product fitting with nine monomials per mode was used
for this purpose (Ziegler & Rauhut 2016).

To determine vibrational wavefunctions, a state-specific configura-
tion selective implementation of VCI theory has been used (Mathea &
Rauhut 2021; Mathea et al. 2022; Schroder & Rauhut 2022). The
basis functions for that are provided by means of Hartree products
generated from one-mode wavefunctions (modals), which have been
obtained from self-consistent field calculations for the vibrational
ground state (GS). The correlation space was limited to a maximum
of six different modes excited at the same time, the maximal sum
of vibrational quantum numbers was set to 20, and a maximum
excitation per mode up to the eighth root has been used. This resulted
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Table 1. Partition functions for propynal at different temperatures.

T (K) 0
9.375 506
18.750 1433
37.500 4054
75.000 11792
150.000 40812
225.000 97783
300.000 195486

in about 2 x 107 configurations per irreducible representation.
Diagonal elements of the VCI matrix included up to 1D terms of the
p-tensor expansion within the VAM terms, while the off-diagonal
terms were limited to a constant p-tensor. To determine the energy
eigenvalues of predefined states, a residuum-based eigenvalue solver
has been used (Petrenko & Rauhut 2017).

The maximum value for the quantum number of the total angular
momentum operator J was set to 95 within the RVCI calculations.
Since the main focus of this paper is to study propynal under
conditions similar to the ISM, we have chosen a temperature range
from 10 to 300 K. The upper temperature bound was chosen to
provide a reference spectrum for lab experiments. As mentioned
earlier, the partition function was calculated based on RVCI state
energies without using the separability approximation. The resulting
partition functions for different temperatures are shown in Table 1.
For the calculations of the integrals arising from the rotational
operator within the Watson Hamiltonian the order of the p-tensor
was set to 2. In contrast to that, a first-order p-tensor has been used
for the Coriolis coupling integrals. These choices were based on our
previous findings (Tschope & Rauhut 2022) and a similar analysis
for propynal that was performed in the course of this study.

As mentioned earlier, the rovibrational basis functions are direct
products of VCI wavefunctions for the vibrational subspace and
MSRB functions for the rotational subspace. The selection of VCI
wavefunctions was limited by a maximum transition frequency of
1500 cm~! and a maximum sum of vibrational quantum numbers of
3. This yields Ny, = 49 vibrational modes, which include the modes
vs—v, in Table 2 and all transitions listed in Table 3. The number of
MSRB functions was set to N,,, = 2J + 1, which is the maximum
number of rotational basis functions that can be considered. For this
reason, the size of the largest matrix that had to be considered is N =
(2J + 1)Nyjp, = 9359. The wall clock time for the combined VCI and
RVCI calculations was ~24.3 d on four central processing unit cores.

The rovibrational intensity calculations considered ~171 million
transitions. The printout was filtered to ~10.4 million transitions,
which have an intensity of at least 107 relative to the strongest
transition in the spectrum for 7 = 300 K. In contrast to previous
work, we also considered hot bands in the spectrum if the thermal
occupation of the lower vibrational mode is high. For T = 300K,
this was fulfilled by the four modes vy, vi2, 2vg, and vy + V5.

4 RESULTS

4.1 Geometrical parameters

Geometrical parameters of propynal are provided in Table 4. The
parameters denoted as r. are obtained from the Born—Oppenheimer
equilibrium geometry. Vibrationally averaged geometrical parame-
ters are given as r, and ry. The former can be obtained by averaging
the atomic positions over the VCI GS wavefunction. The latter are

MNRAS 520, 3345-3354 (2023)

€20z Aieniga tz uo Jasn Lebnnig 1eensisAlun Aq 6$8000./SYEE/S/0ZS/010NIB/SBIUW/WOD dNo-oIWspeoe.//:sdny WoJj papeojumoq



3348 M. Tschope and G. Rauhut

Table 2. Fundamental bands of propynal. Comparison between VCI results of this work and other theoretical and experimental data. Frequencies v; are
given in cm~! and infrared intensities I are given in km mol~!.

Mode Irrep v I

i Description
This work® This work? Theory® Expd  Exp. Exp/ Exp.8 Exp.”  This work
y p p p p p

vy A 3330.8 3319.0 33321 33260 3335 - 3234 3212 36.5 H,—C stretch

Vs A’ 2862.9 2859.0  2769.1 28582 2869 — 2889 2914 421 H,—C stretch

V3 A 2121.1 2110.6 21597  2106.0 2125 - 2099 2092 52.1 C=C stretch

Vs A’ 1707.6 1701.9 17214 16969 1692 - 1666 1644 141.8 C=O0 stretch

Vs A 1390.9 13869 14325  1389.0 1398 - 1387 1394 9.0 H;-C=0 rock

e A 944.4 939.8 940.8 9437 950 - 952 959 95.3 C—C stretch

vy A 659.8 650.9 675.4 650.0 691 651.3143 713 732 40.1  C=C-H, in-plane wag
vg A 615.9 611.0 630.7 6137 615 614.0146 624 631 30  C-C=O0 in-plane bend

Vo A 206.4 202.7 2162 205.3 - - - - 51  C—C=C in-plane bend

V1o A" 985.2 980.9 988.2 9812 990 - 989 1006 0.1  H;—C=O0 out-plane wag
Vi A" 699.1 692.6 757.8 692.7 669  692.7707 756 771 324  C=C-H, out-plane wag
Via A" 260.0 255.9 279.1 260.6 - - - - 9.3  C-C=C out-plane bend
MAD/ - 5.2 2.9 30.3 Ref.? 13 - 32 46 - -

MAX/ - 15.1 7.0 89.1 Ref.? 41 - 92 114 - -

@ RVCI calculation based on ae PESs.
b RVCI calculation based on frozen core PESs.

¢ Calculated anharmonic frequencies values taken from Margules et al. (2020).

4 Experimental gas phase values taken from Brand et al. (1963). Used as reference for the calculation of MAD and MAX.

¢ Experimental gas phase values taken from King & Moule (1961).

/ High-resolution (0.003 cm™') experimental gas phase values taken from McKellar et al. (2008).
$ Experimental amorphous phase at 7 = 10K, values taken from Hudson & Gerakines (2018).
" Experimental crystalline phase at T = 115 K, values taken from Hudson & Gerakines (2018).

" Infrared intensities obtained by VCI calculations based on a frozen core PES.
J Mean absolute deviation (MAD) and maximum absolute deviation (MAX).

instantaneous inter-nuclear distances calculated from an expectation
value of the bond lengths expanded in terms of the normal coordi-
nates. Similar to other studies (Czako, Matyus & Csdszar 2009; Dinu
et al. 2020), the two sets of vibrationally averaged bond lengths differ
significantly from each other. The largest absolute difference can be
found for r(C3H,) of 0.0265 A. By utilizing different isotopologues,
the geometrical parameters can also be determined experimentally
from GS rotational constants, as it was performed by Costain &
Morton (1959). The molecular structures obtained by substitution (1)
agree well with our vibrationally averaged parameters r, although
these values cannot be compared directly.

4.2 Vibrational transitions

A list of the purely vibrational transitions of propynal is given in
Table 2 for the fundamental bands and in Table 3 for overtones
and combination bands. There is only one theoretical and four
experimental data sets for a comparison of the fundamental bands.
For all other vibrational transitions, there are no theoretical data
and just a very limited number of assigned experimental lines. In
Table 2, it can be seen that our calculations based on the frozen core
approximation yield a mean absolute deviation (MAD) of 2.9 cm™!
to the apparently most precise complete gas-phase experiments
of Brand et al. (1963). This error bar is in the usual range of
such calculations (see, for example, the work of Schroder & Rauhut
2022). In contrast to that, the ae calculation has a significant larger
MAD of 5.1 cm™'. This is due to the lifting of the aforementioned
error compensation with other approximations, mainly the high-
order coupled-cluster terms. It is evident that the latter calculation
overestimates the vibrational frequencies for all fundamentals. By
comparing the frequencies for the single transitions instead of the
MAD in Table 2, it can be seen that in the majority of cases the
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deviation between our two calculations is smaller than 6 cm~!. The
results for the high-resolution gas-phase spectrum of McKellar et al.
(2008) show excellent agreement for the modes v; and vy; when
compared with our frozen core simulation. However, the vg mode
matches better with the ae result.

Some of the combination bands and overtones, e.g. US’, Vg + 2V,
and 2vg + v1,, showed a slow convergence with respect to the size
of the VCI configuration space. For that reason, it was necessary to
increase the maximum excitation per mode up to the eighth root.

Among the vibrational modes under investigation there are only
a small number of noticeable resonances. First of all, the v, mode
at 2859 cm~! shows a Fermi resonance with 2vs. This resonance
is stronger for the ae calculation, since the higher frequency of vs
and its overtone 2vs decreases the energetic separation between two
resonating vibrational modes. Neither an overtone nor a combination
band arising from two different modes as listed in Table 3 shows any
significant resonances. However, there are two couples of threefold
combination bands that resonate fairly significantly. Within the A’
symmetry subspace, vg + v} + vy at 1157 cm™! resonates with v;
+ 2vy9 at 1167 cm™!. At a similar energy but in the A” symmetry
subspace, it is 2vg + vy; at 1100 cm™! and v; + vg + vy at
1115 em™.

The comparison of our VCI results with the listed gas-phase
transitions reveals very good agreement, although the experimental
studies are about 60 yr old. However, we do not agree with the
assignment of King & Moule (1961) for the modes v; and vy at
691 and 669 cm™!, respectively. Instead, we support the reversed
assignment, as it was introduced by Brand et al. (1963). The deviation
between the two experimental groups is based on an MAD of
13 cm™!, about a factor of 4 larger than the deviation between our
results and those of Brand et al. (1963). It should be mentioned that
this statistics is dominated by the misassignment, since the largest
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Table 3. Overtones and combination bands employed within RVCI calcula-
tions. Frequencies v; are given in cm ™! and infrared intensities I are given in
km mol 1.

Mode Irrep Vi I
This work Exp.¢ Exp.” This work

2v1 A 1381.6 1298 1275 4.5
2v7 A 1291.2 - 1340 8.5
2vg A 1220.7 — - 0.1
2v12 A 512.1 - - 0.2
2vg A 408.6 - - 0.1
3vg A 618.9 — - 0.1
3vi2 A 769.9 - - 0.0
v7 +vg+vg A 1468.1 — - 0.0
ve + 2v12 A 1457.0 - - 0.0
vo +vig +vip A’ 1442.8 - - 0.0
2vg + vg A 1424.8 - - 0.0
ve + 2v9 A 1350.9 — - 0.0
v7 + vg A 1263.2 - - 0.5
vio + Vi2 A 1236.0 - - 0.2
v7 4+ 2v12 A 1167.7 - - 0.0
vg +vip +vpp A 1157.2 - - 0.1
Ve + vg A 1143.6 1153 - 0.3
vg + 2vq2 A 1127.1 - - 0.0
v7 4+ 2v9 A 1061.1 — - 0.0
vg + 2v9 A’ 1021.1 - - 0.0
Vil +vi2 A 952.6 — - 4.0
V7 + vg A 854.1 - - 0.3
vg + Vg A 814.3 818 815 1.7
Vg +2v1 A 721.4 - - 0.1
2vg + V2 A" 1479.9 - - 0.0
ve +vo+vip A” 1405.8 - - 0.0
2v9 + vyg A" 1390.2 - - 0.0
v7 + v A" 1358.7 1330 - 0.0
vg + Vi1 A 1303.6 - - 0.0
Vi + 2v12 A" 1214.0 - - 0.0
Ve + V12 A 1198.2 1210 - 0.2
vg 4+ Vig A" 1183.8 - - 0.0
v7+vg+vpp A 1115.1 - - 0.0
2v9 + vy A" 1100.0 - - 0.0
vg+vg+vpp A” 1075.8 - - 0.0
V7 + V2 A" 908.0 - - 0.0
Vg + vig A" 894.1 - - 0.0
vg + V2 A" 868.7 - - 0.0
2v9 + V2 A" 670.1 — - 0.2
Vg + V2 A" 461.6 - - 0.0

¢ Experimental gas phase values taken from Brand & Watson (1960).
b Experimental gas phase values taken from King & Moule (1961).

two errors between the two experiments of 41 and 24 cm™! originate
from that. The MAD is reduced to 8.6 cm™!, if these two data points
are removed from the statistics. As must be expected, the results
of Hudson & Gerakines (2018) show large environmental effects of
the solid-state phase and therefore a larger deviation than the other
experiments. Furthermore, our results match significantly better with
the experiments than the results obtained from DFT calculations,
which have an MAD of 230. This is mostly due to the use of more
sophisticated electronic structure methods for the determination of
the PES.

The majority of the non-fundamental bands displayed in Table 3
have neither experimental nor theoretical reference data for com-
parison. However, there are a few assigned transitions that can be
compared. The only mode, which is in very good agreement with
both experiments, is vg + vg. There are two modes with a deviation
of about 10 cm™', namely vg + vy, and vg + vg. Although the error
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Table 4. Computed geometrical parameters of propynal. Bond lengths
are given in A and angles are given in degree. The PES was cal-
culated with explicitly correlated coupled-cluster methods CCSD(T)-
F12b, using a cc-pVTZ-FI2 basis set and frozen core approximation.

Coord. re I, Iy rd

r(C1Cy) 1.4538 1.4579 1.4611 1.4444
r(C;0) 1.2098 1.2123 1.2145 1.2144
r(CiHy) 1.1000 1.1073 1.1227 1.1057
1(CyC3) 1.2091 1.2089 1.2159 1.2091
r(C3H,) 1.0640 1.0554 1.0819 1.0552
a(0C;Cy) 123.32 123.35 - 123.90
a(HC;Cy) 115.07 114.84 - 113.92

¢ Exp. values from Costain & Morton (1959).

is slightly larger than for the fundamental bands, the assignment
of these transitions is safe. This does not hold true for the other
experimentally determined vibrational modes in Table 3. First, the
fact that mode v; + vy is assigned to the transition at 1330 cm™!
would result in a surprisingly large error. Secondly, the strength of
the line was labelled as medium in the original literature, while our
results reveal negligible intensity. Consequently, the origin of this
peak remains unclear, as there are no other vibrational modes with
A” symmetry and noticeable intensity in that area. In addition to that,
the assignment of the overtone 2v,; that is mistaken for 2v; in some
of the references is difficult. This results from the aforementioned
misassignment of the fundamental bands in King & Moule (1961).
In contrast to that, Brand & Watson (1960) did not assign 2v7, but
misassigned 2v;; as well. However, they noted that the overtone
is about 24 cm~! lower than expected based on the fundamental
band v; and in addition to that, they corrected the frequency of that
fundamental band by 31 cm™' in Brand et al. (1963).

4.3 Rovibrational spectrum

An overview of the rovibrational spectrum of propynal in the range
up to 350 cm™! for a temperature of 100 K is given in Fig. 1. A clear
separation between the vibrational GS in black and the two lowest
excited vibrational states vy (green) and v, (blue) can be seen. Since
the next higher vibrational modes are the corresponding overtones
2vg and 2v,, there is a distinct spectral separation towards higher
energies. For that reason, the chosen spectral range appears to be very
suitable for an individual investigation, especially for a study that
focuses on low temperatures below 300 K. As the two vibrational
fundamental bands belong to different irreducible representations,
namely A" and A”, they do not resonate directly, but interact only via
rovibrational coupling.

A more detailed analysis of the vibrational GS as well as a study
of the temperature dependence of its spectrum can be found in
Fig. 2 showing intensities in a stick spectrum and in the supplement
material for the absorption cross-sections considering temperature
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Figure 1. Overview of the rovibrational infrared stick spectrum of propynal
at a temperature of 100 K. The vibrational GS and the modes vg and vy, are
plotted in black, green, and blue, respectively. The maximum total angular
momentum quantum number is set to J = 95. For the sake of simplicity, hot
bands are not shown.

broadening. In addition to transitions from the vibrational GS to
the vibrational GS that are shown in black, the figure also displays
hot band transitions. The latter includes lines with initial and final
vibrational quantum numbers corresponding to the modes vg, Vs,
2v9, and vg + vy,. The effect of hot bands starts to become noticeable
atabout 100 K. Below that temperature, ignoring hot bands is a decent
approximation. For 7 = 100 K, only the two hot bands of modes vy
and v, need to be considered. In contrast to that for 7 = 300K,
all four vibrational modes contribute noticeably with the strongest
reaching about one-third of the intensity of the GS. The shapes of the
progressions for the different vibrational modes involved are very
similar.

For low temperatures, the progressions of the two vibrational
modes vg and v, are spatially separated as can be seen in Fig. 3, in
analogy to the GS spectrum. A noticeable contribution of hot bands
can be found at a temperature of 100 K. Both bands show a slightly
asymmetric structure, due to intensity borrowing by the P-branch of
v}, towards the R-branch of vy. The high-energy tails at 300 cm™
of the R-branch of v, could be influenced by the 2v9 mode at
408.6 cm™', which is the next higher vibrational mode. However, as
the VCI frequencies of the two modes are separated by more than
100 cm™!, we expect that effect to be small.

For higher temperatures especially, it can be seen that the band
centre for the transitions from the vibrational GS to vy (green) is
offset in comparison to transitions from 9' to 9? (red). The reason for
that is the significant shift in frequency of the cold band vibrational
transition vy_, g1 = 202.7 cm™! in comparison to the frequency of
the corresponding hot band vgi_g = 205.9 cm~!. In contrast to
that, this effect is much less prominent for the v, mode (blue) at
Vo 121 = 255.9 and its corresponding hot band at vy,1_, 152 = 256.2
(orange). It should be noted that even at higher temperatures, e.g.
T = 300K, all other hot bands (black) do not contribute significantly.

An interesting feature in Fig. 3 for 7 = 300 K is the sudden drop
in intensity for some of the 9' — 9 transitions. This is especially
prominent at 223 cm™! and also at 245 cm™!. Although such a
pattern can be found in simulations, when the maximum value of
the total angular momentum Jp,, is not sufficiently high, this is
not the origin in this particular case. First of all, simulations have
shown that this pattern is independent of J,,,,x. Secondly, by analysing
the different progressions in the line lists, it can be seen that the
progressions do not stop at this frequency. This is further investigated
in Fig. 4 by only plotting this one particular hot band 9' — 9? and
highlighting different progressions with different colours. It can be
seen that the rovibrational frequencies increase up to 223 ¢cm~! and
J ~ 57. Hence, the rovibrational energies for the states belonging to
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Figure 2. Vibrational GS stick spectrum of propynal for different tempera-
tures. For all transitions, the vibrational quantum numbers of the initial and
final states are equal; e.g. transitions from the vibrational GS to the vibrational
GS are drawn in black. Hot bands for different vibrational modes are given
in different colours. Transitions of the vibrational state 9! are coloured blue,
and transitions within 12", 92, and 9! + 12! are coloured red, green, and
purple, respectively. The maximum total angular momentum was set to J =
9s.
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Figure 3. Stick spectrum of propynal for the lowest excited vibrational bands
for different temperatures. Transitions from vibrational GS to 9! and 12! are
given in green and blue, respectively. Hot bands from 9! to 92 are given in
red and transitions from 12! to 122 are coloured orange. All other hot band
combinations are given in black and not significant even for 7 = 300 K. The
maximum total angular momentum was set to J = 95.
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Figure 4. Progressions of propynal at 7 = 300 K for the hot band transition-
ing from 9! to 92. Black dots mark transitions fulfilling AJ = J' — J” € {0,
—1}. Hence, the remaining possible transitions are AJ = 1 and are marked
by a dot in one of the other colours. Highlighted in blue is the progression
fulfilling K, = K =0 and AK. = 1. Both the red and purple dots show
progressions with K/, = K = 1 and either AK. = —1 or AK. = 0. The
maximum total angular momentum was set to J = 95.
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FigureS. Infrared spectrum of the vibrational GS for propynal at 7 = 300 K.
A Lorentz broadening profile for atmospheric pressure conditions was used.
All calculated hot bands are included and the maximum total angular
momentum was set to J = 95.

Vg increase faster than for 2vg up to this value of J. After that, the
frequencies decrease again, which shows that the rovibrational state
energies belonging to the vy mode increase slower than for 2vy.

Although this study has its focus on producing reference spectra
relevant for the ISM, we also intend to provide a comparison for
laboratory experiments at room temperature. For the two spectral
regions discussed earlier, this can be seen in Figs 5 and 6. These
spectra consider a pressure broadening via a Lorentz profile for a
pressure of p = 1 bar, which is in contrast to the previously discussed
stick spectra. Choosing a pure pressure broadening over a Voigt
profile is a suitable approximation for a spectrum on the Earth, since
the more accurate Voigt profile would be dominated by the Lorentz
profile for 7 = 300K and p = 1 bar.

The spectra for the two previously mentioned regions of Figs 2
and 3 shall be discussed first. After that, a comparison with an
experimental spectrum is provided. In Fig. 5, it can be seen that
the narrow branch on the lhs between 3 and 25 cm™! is significantly
more intense than the wider branch between 25 and 80 cm™'. This is
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Figure 6. Infrared spectrum of propynal for the lowest excited vibrational
states at 7 = 300 K. A Lorentz broadening profile for atmospheric pressure
conditions was used. All calculated hot bands are included and the maximum
total angular momentum was set to J = 95.

in contrast to the stick spectrum for 7 = 300 cm~! in Fig. 2. It can

be explained by the much higher line density in that region. A similar
effect can be found at around 233 cm™! in Fig. 6, where a plateau
can be observed. In contrast to that, based on Fig. 3 a significant drop
in intensity could be expected at that point. This is due to the already
decreased intensity of the R-branch of the mode vy and the hot band
2vg and the still fairly low intensity of the P-branch of vy, and
the hot band 2v,,. The overall very noisy structure of the spectrum
originates in the fact that we did not include an additional broadening
for a limited spectral resolution of the detector. By neglecting this
effect, one yields a spectrum as it could be measured with infinite
spectral resolution.

A comparison between the measured high-resolution infrared
spectrum provided by McKellar (2010)! based on Robertson et al.
(2009) and our computed results is shown in Fig. 7. The low pressure
of 66.6Pa in the experiments leads to a small Lorentz broadening
and therefore a very fine structure, which is difficult to analyse for
such a wide spectral range. However, the tail of the pure rotational
spectrum on the left-hand side of the figure is clearly visible in both
cases. This area appears to have more intensity in the experimental
spectrum in comparison to the simulated one. This could be due to
the fact that other experimental conditions besides the pressure, in
particular the temperature, are not know to us. This limits a direct
comparison and our ability to reproduce the experimental spectrum
more precisely. Note that not only the intensity of the transitions
depends on the temperature, but also the line broadening. Despite
this limitation, the agreement between experiment and simulation
is decent. Modes vg and vy, are clearly visible and distinguishable
in the spectral region 180-330 cm™!, although some of the details
are less prominent in comparison to Fig. 6 that uses a different
broadening. An obvious difference between the two spectra in Fig. 7
is the fine and extremely strong lines, which are due to water
impurities in the experimental spectrum, as mentioned in McKellar
(2010).

lReprinted from J. Mol. Spectrosc., 262, A. R. W. McKellar, High-resolution
infrared spectroscopy with synchrotron sources, 1, 2010, with permission
from Elsevier.

MNRAS 520, 3345-3354 (2023)

Transmittance [%]

100

\ \ \ \ \ \ \
100 150 200 250 300 350 400

Absorp. cross sec. in a.u.

Wavenumber in cm’’

Figure 7. Comparison between an experimental' (upper figure) and our
computed infrared spectrum (lower figure) of propynal for the lowest excited
vibrational states at 7 = 300 K. A Lorentz broadening profile was used. All
calculated hot bands are included and the maximum total angular momentum
was set to J = 95.

4.4 Spectroscopic constants

Apart from comparing line lists and the visual appearance of spectra,
spectroscopic constants are another way to investigate the rovibra-
tional characteristics of molecules. By using a model Hamiltonian,
they allow us to condense large line lists into a small set of well-
defined molecule specific constants. We used our recent imple-
mentation in MOLPRO (Dinu et al. 2022) for determining rotational
and centrifugal distortion constants. The so-called PFIT (parameter
fitting) program relies on a non-linear least-squares fit exploiting
a Gauss—Newton algorithm with an initial guess obtained from
second-order vibrational perturbation theory (VPT2). For propynal,
the majority of publications favour the A-reduced Hamiltonian over
its alternative, the S-reduced Hamiltonian. Furthermore, we chose
the /" orientation for this near-prolate asymmetric top molecule. We
follow that choice and present our results for the PFIT method
based on line lists obtained by RVCI calculations as well as
results obtained by VPT2 calculations and a comparison with the
results of different experimental groups in Table 5. We like to
emphasize here that the force constants as needed in VPT2 theory
are retrieved from the polynomial fit of the PES rather than by
calculating a true quartic force field. To produce the RVCI line
list, we used a PES relying on ae calculations, which is in contrast
to the previous sections where the frozen core approximation was
used.

In general, our computed rotational constants B and C in Table 5
match very well with experimental results. A key reason for this is
the ae treatment, which decreases the relative error for those two
constants by more than one order of magnitude in comparison to
a frozen core calculation (Schneider & Rauhut 2023). In contrast
to that, it decreases the agreement of the A constant slightly.
This underlines the importance of high-quality electronic structure
methods for the generation of the PES. For the B constant, the
PFIT yields results much closer to the experiments than the VPT2
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Table 5. Comparison of spectroscopic constants in MHz for the vibrational GS of propynal using Watson’s A-reduced Hamiltonian in
the I" representation (1o uncertainty in parenthesis). Values obtained by PFIT or VPT2 calculations are given for all sextic constants.
Numerical sensitive values with respect to the input parameters are marked with squared brackets.

Parameter This work, PFIT* This work, VPT2? Exp.© Exp“’ Exp.¢
A 68330.330(1) 68247.00 68 035.308(25) 68035.263(39) 68035.299(43)
B 4826.2323(1) 4823.95 4826.288 05(97) 4826.293(6) 4826.3014(73)
c 4501.1928(1) 4498.57 4499.526 95(95) 4499.51(6) 4499.5107(69)
103 Ay 1.91969(7) 1.8758 1.9179(11) 1.913(4) 1.917(12)
10! Ajk —1.56303(2) —1.4821 — 1.48119(19) — 1.48044(39) — 1.48102(47)
Ak 8.3284(1) 8.7473 9.0033(57) 8.9926(87) 8.99124(97)
104 8y 3.5178(7) 3.384 3.3742(15) 3.4564(12) 3.458(14)
102 Sk 3.189(4) 2.553 3.396(26) 3.47(28) 3.90(32)
10° Ny 7.66(5) 6.43 7.54(21) - -
107 Dyx —1.02) —4.1 —8.348(82) —7.11(48) —7.41(59)
10° Dy —2.08(1) —0.827 —0.824(11) —0.8264(12) —0.831(13)
103 Dk 1.786(3) 2.36 3.19(15) 2.36(6) -
10° 7 [1.51(4)] [2.27] - - -
108 DIk [6.2(28)] [18.0] - - -
10° ok [9.29(41)] [10.36] - - -

¢ Theoretical results of RVCI and PFIT calculations obtained by MOLPRO.
b Theoretical results of VPT2 calculations based on a multidimensional ae PES.
¢ Experimental coherent synchrotron radiation Fourier transform spectrometry values taken from Barros et al. (2015).

4 Experimental gas phase values taken from McKellar et al. (2008).

¢ Experimental gas phase values taken from Winnewisser (1973).

calculation. This is in contrast to the A constant. However, for
the C constant both theoretical methods produce a fairly similar
deviation. A similar result can be found for the quartic constants.
For three parameters, the VPT2 method yields better results and
for two constants the PFIT based on RVCI line list is closer to the
experiment.

The different sets of experimental reference data were obtained
from different numbers of fitting parameters for the sextic constants.
Since the fitting processes for the individual constants are not inde-
pendent, a change in the number of parameters influences the other
constants as well. However, for the quadratic constants A, B, and C
this effect can be neglected without introducing substantial errors as
they are several orders of magnitudes larger than the sextic constants.
Even for the quartic constants, this effect is rather small. However, for
the sextic constants the different numbers of fitting parameters can
be one reason for the deviation between the experiments. Since we
decided to fit all parameters in our simulation, the results are again not
completely comparable. Although the uncertainties for these values
are higher — thus they are marked by squared brackets — we found it
important to provide at least crude estimates for the last three sextic
constants.

By comparing the results of our two theoretical methods for the
sextic constants, it can be seen that the deviation is larger than for
the other constants. This is not surprising, since the absolute values
of these parameters are much smaller and therefore they require a
much higher accuracy for the state energies or transition frequencies.
However, for the majority of cases a good agreement between one
of our theoretical methods and at least one of the experiments can
be found: (a) The ®x constants obtained by the VPT2 calculations
and the measurements of McKellar et al. (2008) match nicely. (b)
The results of the PFIT method for the &, constants are in good
agreement with Barros et al. (2015). (c) The &g, constant obtained
by the VPT2 method agrees with all experimental values. However,
without any prior information and only one of the theoretical
methods, it is hardly possible to predict reliable results for the sextic
constants.

5 CONCLUSIONS

The rotational, vibrational, and rovibrational spectra of propynal
have been studied by high-level ab initio methods for the first time.
A multidimensional PES based on explicitly correlated coupled-
cluster calculations and being represented by an n-mode expansion
up to fourth order has been used within all calculations. VCI and
RVCI theories have been used for the determination of rovibrational
frequencies and intensities. The simulations rely on our previously
published implementations in the MOLPRO package.

Within this work, we were able to confirm previous experimental
findings for the geometrical parameters. Moreover, we provided
theoretical values for the transition frequencies of all vibrational
fundamental bands. This allowed us to resolve a conflict in the
assignment of the fundamentals v; and v, in previous publications.
40 additional vibrational transition frequencies were determined, the
majority of which are documented in literature for the first time.
These calculations made it possible to confirm a Fermi resonance
between v, and 2vs. We also provided partition function values
in a temperature range from interstellar conditions up to room
temperature. Moreover, the low-frequency spectrum up to 350 cm™!
has been analysed, which allowed us to study the temperature-
dependent effect of hot bands for propynal. A comparison with an
experimental infrared spectrum is provided for the spectral range of
80-410 cm™! including the vibrational modes vy and v,,. Our spec-
troscopic constants are in good agreement with the previously known
experimental measurements for the quadratic, quartic, and a few of
the sextic parameters. However, it remains challenging to achieve
the experimental accuracy for this particular rovibrational quantity.
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Abstract

Quite recently, diazophosphane, HP—N=N, was synthesized for the first time. This was accomplished by a
reaction of PH3 with N, under UV irradiation at 193 nm. As these two molecules have been observed in different
astrophysical environments, as for example, in the circumstellar medium and, in particular, in the AGB star
envelope IRC+10216, the question arises whether HPN, can be found as well. So far there is only the
aforementioned experimental work, but neither rotational nor rovibrational data are available. Hence, the lack of
accurate line lists, etc. to identify diazophosphane is the subject of this work, including a detailed analysis of the
rotational, vibrational, and rovibrational properties for this molecule. Our calculations rely on multidimensional
potential energy surfaces obtained from explicitly correlated coupled-cluster theory. The (ro)vibrational
calculations are based on related configuration interaction theories avoiding the need for any model
Hamiltonians. The rotational spectrum is studied between 7 = 10 and 300 K. In contrast, the partition
functions for HPN, and DPN, are given and compared for temperatures up to 800 K. In addition, more than 70
vibrational transitions are calculated and analyzed with respect to resonances. All these vibrational states are
considered within the subsequent rovibrational calculations. This allows for a detailed investigation of the infrared
spectrum up to 2700 cm ™' including rovibrational couplings and hot bands. The results of this study serve as a
reference and allow, for the first time, for the identification of diazophosphane, for example, in one of the
astrophysical environments mentioned above.

Unified Astronomy Thesaurus concepts: Computational methods (1965); Spectral line identification (2073);
Asymptotic giant branch stars (2100); Molecular data (2259); Molecular spectroscopic constants (2260); Infrared

spectroscopy (2285)

1. Introduction

Since the first molecule was detected in the interstellar
medium in 1937 (Dunham 1937; Swings & Rosenfeld 1937;
McKellar 1940) more than 200 molecular species have been
observed in the circumstellar or interstellar media (Miiller et al.
2001, 2005; Endres et al. 2016; McGuire 2018). Two of these
molecules are molecular nitrogen (N,) and phosphane (PHj3). It
was only in 2004, when Knauth et al. (2004) identified N, in
the surroundings of HD 124314. Four years later, PH; was
discovered simultaneously and independently by Agindez
et al. (2008) and Tenenbaum & Ziurys (2008).

Quite recently, Lu et al. (2022) were able to synthesize
diazophosphane, HP—N=N, for the first time. Moreover they
analyzed its vibrational fundamental bands at 10 K. They
obtained this species from the reaction of PH; with N, upon
irradiation with UV-light at 193 nm. Since both molecules and
the UV radiation are present in the circumstellar medium and can
even be found in the envelope of the same AGB star IRC+10216
(Cherchneff 2012; Agundez et al. 2014), the question arises
whether HPN, can be found under similar conditions as well. To
solve this question, highly accurate rotational, vibrational, and
rovibrational spectra are of particular importance.

Although there are some studies about HPN, in the solid
state (Ghellab et al. 2019) or as a crystalline powder (Schnick
& Liicke 1992; Jacobs et al. 1997), these works refer to the

Original content from this work may be used under the terms

B of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL

isomeric form of P = N(NH). In contrast to that, we focus on
the isomer HP—N=N, which was so far only synthesized by Lu
et al. (2022), as mentioned before. These authors also provide
experimental frequencies for four of the six fundamental
vibrational modes as well as one overtone. Additionally, they
provide theoretical results for all fundamental bands and the
same overtone. Other than that, no simulations of HPN, exist.
For this reason, the demand for line lists, microwave and
infrared spectra, geometrical parameters, partition functions,
etc. is largely unsatisfied. This issue will be tackled within
this work.

During recent decades, various approaches avoiding the need
for model Hamiltonians have been developed to investigate
rotational, vibrational, and rovibrational spectra by the groups
of Yachmenev et al. (2011) (Yachmenev et al. 2013;
Yurchenko et al. 2017; Clark et al. 2020), Nikitin et al.
(2017) (Rey et al. 2017; Tyuterev et al. 2019), Carter et al.
(2012) (Carter et al. 2017), Rauhut (2004) (Tschope et al.
2021), Smydke et al. (2019) (Ferenc & Matyus 2019; Tobias
et al. 2019; Santa Daria et al. 2021), and many more (Wang &
Carrington 2013; Sarka et al. 2019; Simmons et al. 2019).
Some of these are based on the seminal work of Watson
(1968), introducing the respective Hamiltonian. Subsequently,
vibrational configuration interaction (VCI) theory (Bowman
et al. 1979; Christoffel & Bowman 1982; Neff & Rauhut 2009;
Pfeiffer & Rauhut 2014; Schroder & Rauhut 2022) was
introduced for nonrotating molecules and after that rovibra-
tional configuration interaction (RVCI) theory (Erfort et al.
2020a, 2020b, 2022) for the simulation of rotating molecules.
These approaches rely on high-level potential energy surfaces
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(PESs) (Ziegler & Rauhut 2016, 2018, 2019) for the efficient
calculation of rovibrational line lists and spectra for semirigid
molecules. The two main limitations for these methods are, that
they lose much of their efficiency for vibrational modes with
large deflections, i.e., for floppy molecules. Hence this method
is very suitable for our application, since HPN; is a semirigid
system.

In this work, we use high-level multidimensional PESs, VCI,
and RVCI calculations, as implemented in the MOLPRO
(Werner et al. 2020) package of ab initio programs, to determine
the rovibrational spectrum of diazophosphane. Moreover,
geometrical parameters as well as values for the partition
functions at temperatures between 10 and 800 K will be
presented. In addition, microwave and infrared spectra, vibra-
tional line lists, and spectroscopic constants will be provided
accompanied by a discussion about the influence of hot bands on
the simulated spectra at different temperatures. These calcula-
tions were carried out for both HPN, and its deuterated
isotopologue, DPN,.

2. Theory
2.1. Rovibrational Energies

The implementation of VCI theory used in this work is based
on the Watson Hamiltonian for nonrotating molecules H,p,
while the implementation of RVCI theory is based on the
Watson Hamiltonian for rotating molecules:

I I &1
H= =) Tl — = —5 — —
R > v

i i

Y oo + V(@)

Hyp,

1 1
T =3 togdads = = Uattys™s + Tattopls) (1)
2 af 2 af

H H

rot v

The use of the Born—Oppenheimer approximation yields the
PES, V, depending on the normal coordinates g;. Equation (1)
also depends on the Cartesian components of the angular
momentum operator, J,, and the vibrational angular momen-
tum (VAM) operator

0
Mo = i C g 2
]Zk jkj aqk

Thereby ¢ j‘; corresponds to an element of the antisymmetric
Coriolis (-constant tensor, with Cartesian elements o, 3 € {x,
v, z}. For the following discussion, it is favorable to split the
Watson Hamiltonian in the following three parts: the pure
vibrational term H,;, the rotational term H,,, and the Coriolis-
coupling term H,,. The inverse of the effective moment of
inertia tensor is denoted by p, see Watson (1968). Both, o and
the potential V, rely on an n-mode expansion (Bowman et al.
2008) and an analytic sum-of-products representation being
obtained from efficient Kronecker product fitting (Ziegler &
Rauhut 2016). In order to obtain rovibrational energies and
intensities, a two-step process is used. First, the Schrodinger
equation for the Hamiltonian of a nonrotating molecule H.;, is
solved by VCI theory, yielding pure vibrational energies and
the corresponding wave functions:

1D,) =" cilo)). A3)

1
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To determine the vibrational wave functions |®,) in a compact
form, an initially large number of Hartree products |¢€ )
(configurations) is screened within a configuration-selective
VCI approach (Mathea & Rauhut 2021; Mathea et al. 2022).
Second, the Schrodinger equation for the Hamiltonian of
rotating molecules (see Equation (1)) is solved by RVCI
theory. The basis functions are provided by a direct product of
the VCI wave functions and pure rotational basis functions
|®,). This yields rovibrational wave functions of the form:
W) = > cnl®,) 1D,). 4)
rv
Within this work, molecule-specific rotational basis (MSRB)
functions for |®,) have been employed, as they allow for a
particular robust quantum number assignment. The MSRB is a
linear combination of Wang combinations (Spirko et al. 1985)
and is determined by solving the rotational Schrédinger
equation for the vibrational ground state (Erfort et al. 2020a).

2.2. Infrared Intensities
Rovibrational infrared line intensities can be obtained by
27T2NA efE”/kT(l _ ef(E’fE”)/kT)

= E' —ER. (5
3egh?c? o) ( ) ©)

They depend on a prefactor consisting of natural and physical
constants, the square of the transition moment R and a
temperature-dependent prefactor, describing the thermal occu-
pation of the rovibrational states involved in the transition. The
energies of the initial and final states are given by E” and E’,
respectively. The rovibrational partition function Q(7) depends
on the temperature and can be computed by

o) =) g e tn/leT, (6)

v

where the summation considers all rovibrational states rv. E,,
denotes the corresponding energies and g, the corresponding
degeneracies. The latter is a product of the nuclear spin
statistical weight (NSSW) g, and the degeneracy factor 2J + 1
originating in the absence of electric and magnetic fields. Since
diazophosphane shows C; symmetry, the two NSSWs are
identical, with a value of 36 for HPN, and 54 for DPN,.

2.3. Computational Details

To determine the equilibrium geometry, the harmonic
frequencies as well as the corresponding normal coordinates
for diazophosphane, explicitly correlated coupled-cluster
theory including single and double excitations, and a
perturbative treatment of the triple excitations, CCSD(T)-
F12b has been used (Adler et al. 2007). Two PESs have been
calculated for each of the isotopologues. The first PES uses the
frozen core (fc) approximation, which relies on error
compensation with respect to neglected contributions to the
electronic energy, as for example, relativistic effects, diagonal
Born—Oppenheimer corrections, high-order coupled-cluster
terms, and core-correlation contributions. This error compensa-
tion usually leads to nicely matching vibrational frequencies in
comparison to experimental results. For this reason, this
approximation is often used to calculate rovibrational line
lists, spectra, and partition functions. The second PES was
obtained by all-electron (ae) correlation calculations, which
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explicitly account for core—core and core—valence interactions,
since the work of Schneider & Rauhut (2022) has shown, that
at least for the determination of spectroscopic constants this
approach leads to slightly better results. In most of our
analyses, we compare the results obtained from these two
different PESs to narrow the range where experimental values
could be expected.

While in the work of Lu et al. (2022), an orbital basis set of
triple-¢ quality, i.e., cc-pVTZ-F12 (Peterson et al. 2008) was
used, slightly larger orbital bases of quadruple-( quality, i.e.,
cc-pVQZ-F12 and cc-pcVQZ-F12, have been employed here.
The all-electron explicitly correlated coupled-cluster calcula-
tions require an adjustment of the different v exponents for the
Slater geminal functions as recommended by May & Manby
(2004). Consequently, the core—core, core—valence, and
valence—valence orbital pair values were set to 0.8, 1.7, and
2.2, respectively. In contrast to that, a common exponent of
v = 1.0 was used within the frozen core -calculations.
Moreover, the complementary auxiliary basis set correction
was added to the total energies (Adler et al. 2007; Knizia &
Werner 2008).

All multidimensional PESs were represented by an n-mode
expansion truncated after the four-mode coupling terms
(Bowman et al. 2008). A multilevel scheme, as introduced by
Pfliiger et al. (2005), has been used throughout the calculations.
More precisely, the 1D and 2D surfaces have been calculated at
the same level of accuracy that was used for the determination
of the equilibrium geometry and harmonic frequencies. In
contrast, for the 3D and 4D contributions, a smaller basis set of
triple-¢ quality has been used. A likewise multilevel scheme,
but being based on calculations using the distinguishable
clusters (DCSD) approximation (Kats & Manby 2013), has
been used for determining the dipole moment surface (DMS).
Runtime savings due to symmetry have been exploited
twofold: within the electronic single point calculations and
for the terms of the n-mode expansion (Ziegler & Rauhut 2018).
The grid representations of the multidimensional surfaces have
been transformed by Kronecker product fitting to an analytical
sum-of-products representation based on nine monomials
per mode.

Vibrational wave functions have been obtained from state-
specific configuration-selective VCI theory (Mathea & Rauhut
2021; Mathea et al. 2022; Schréder & Rauhut 2022). The basis
set used in these calculations is symmetry adapted and relies on
Hartree products (configurations) being generated from one-
mode wave functions (modals), which have been determined
from ground-state based vibrational self-consistent field (VSCF)
theory. A set of 18 mode-specific distributed Gaussians and a
constant y-tensor has been used within the VSCF calculations.
The correlation space within the VCI calculations has been
restricted twofold: The maximum number of vibrational quantum
numbers was set to 15 and a maximum excitation per mode up to
the sixth root was used. Moreover, the maximum number of
simultaneously excited modes was chosen to be six, so there is
no restriction in this respect. All these values do not refer to the
ground state, but are relative to the leading configuration of the
vibrational state of interest. This resulted in about 3 x 10*
configurations per irreducible representation and thus we
consider the final VCI results to be close to the full VCI limit.
A p-tensor expansion up to first order was used for the diagonal
elements of the VCI matrix. In contrast, all other matrix elements
are limited to a constant p-tensor. A residuum based eigenvalue
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solver (RACE) has been employed for the determination of the
eigenenergies of predefined states (Petrenko & Rauhut 2017).

The RVCI calculations use a maximum angular momentum
number of Jy,.x = 75 for the calculations of the line list and
Jmax = 100 for the determination of the partition function. A
temperature range of 10-300 K has been chosen for the
rovibrational spectra, while the partition functions are provided
for temperatures up to 800 K. This covers the experimental
conditions of Lu et al. (2022; 10 K), terrestrial conditions for
further lab experiments and some astrophysical areas, for
example the outer regions of the circumstellar medium. The
latter have been determined from a sum of RVCI state energies,
i.e., no separability approximation has been used. For the
evaluation of the rotational integrals originating from the
Watson Hamiltonian, a second-order yu-tensor is used, while a
first order pu-tensor is used for the Coriolis-coupling contribu-
tions. Based on a similar convergence analysis as shown in our
previous work (Tschope & Rauhut 2022) these truncations of
the n-mode expansions appear to be justified.

The rovibrational basis functions are provided by a direct
product of VCI wave functions and molecule-specific rotational
basis (MSRB) functions (see Equation (4)), as explained in
detail by Erfort et al. (2020a). The basis set size for the
vibrational subspace was limited by two criteria: the maximum
vibrational transition frequency was chosen to be smaller than
5000 cm ' and the maximum sum of vibrational quantum
numbers was set to be less than 4. This yields Ny, = 73
vibrational states for HPN, and N,;, = 80 states for DPN,.
Since the maximum size of the rotational basis set is given by
2Jmax + 1 = 151 for the calculation of rovibrational spectra,
the largest matrix is of size Ny = 12,080. For HPN,, the
resulting wall clock time for the combined VCI and RVCI
calculations was ~33 hr on six CPU (central processing units)
cores. While the VCI calculations contributed less than 1% and
the calculation of the RVCI energies and wave functions about
15%, most of the time is spent for the calculation of the RVCI
intensities. For DPN,, longer calculation times by about 50%
were needed due to the larger number of vibrational basis
functions, which increases the CPU time in two ways: by a
larger number of rovibrational transitions and larger RVCI
wave function vectors. Within the RVCI calculations, ~50
million transitions for HPN, and ~100 million transitions for
DPN, have been considered. The printout was filtered to
~161,000 and ~404,000 transitions for HPN, and DPN,,
respectively. The main selection criterion was an intensity of at
least 10~ relative to the strongest transition in the spectrum for
T =300 K.

3. Results and Discussion
3.1. Geometrical Parameters

Calculated geometrical parameters are presented in Figure 1.
Parameters obtained by Born—Oppenheimer equilibrium geo-
metries are denoted r.. Since the equilibrium geometry is not
affected by deuteration, this column is not explicitly given for
DPN,. In addition, two different types of vibrationally
averaged geometrical parameters, r, and r,, are provided.
Averaging the atomic positions over the VCI ground-state
wave function yields the former. The latter uses the expectation
value of the bond lengths expressed in normal coordinates to
calculate instantaneous internuclear distances. It is well known
(Czaké et al. 2009; Dinu et al. 2020; Tschope et al. 2021;
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fc ae
HPN» DPN, HPN,
Coord. Te Ta Ty Ta Tg Te Ta Tg
r(N2Ny) 1.126 1.125 1.130 1.125 1.130 1.123 1.123 1.128
r(N;P) 1.698 1.706 1.708 1.706 1.708 1.692 1.700 1.702
r(PH) 1.415 1.428 1.436 1.424 1.429 1.412 1.425 1.432
a(N2N.P) 173.8 173.8 173.9 173.8 173.9
a(N,PH;) 88.8 89.0 88.9 88.8  89.0

Figure 1. Computed Geometrical Parameters of Diazophosphane Bond lengths are given in A and angles are given in degrees. Comparison between explicitly
correlated coupled-cluster surfaces CCSD(T)-F12b based on the frozen core (fc) approximation with a cc-pVQZ-F12 basis set and all-electron (ae) correlation
calculations with a cc-pcVQZ-F12 basis set. For DPN,, equilibrium geometries are not explicitly given since they are identical for both isotopologues.

Tschope & Rauhut 2023) that these two approaches can yield
significantly different results. Compared to these previous
works, this effect is smaller for diazophosphane than for other
molecules. This is not surprising, as the largest differences
were observed for CH bond lengths (Tschope et al. 2021;
Tschope & Rauhut 2023), which are not present in diazopho-
sphane. However, the largest absolute difference between r,
and r, was again found for the bond involving hydrogen, i.e.,
A r(PH) = 0.008 A. Comparing the results for HPN, and
DPN, shows, on the one hand, that obviously the bond length r
(PH) and r(PD), respectively, changes the most, but also that
the angle involving water o(N{PH;) changes only marginally.
Figure 1 also provides a comparison between calculations
based on a PES relying on the frozen core approximation (fc)
and another PES relying on all-electron (ae) correlation
calculations. The difference between fc and ae calculations
varies between 0.002 and 0.006 A, with an expected and
systematic trend toward smaller bond lengths for the ae
calculations.

3.2. Partition Function

As mentioned before, the partition function has been
determined by direct summation. A temperature range between
10 and 800 K has been chosen in order to consider a variety of
astrophysical areas, the experimental conditions of Lu et al.
(2022), and terrestrial conditions for further lab experiments.
The results for both isotopologues of diazophosphane can be
found in Table 1 and in Figure 2. The double logarithmic plot
shows the same near-linear behavior as previously observed for
other molecules (Martin et al. 1992; Harris et al. 1998; Vidler
& Tennyson 2000). Up to a temperature of ~300 K, the trend is
almost exactly linear. However, at 300 K, a small increase in
the slope arises. As discussed by Amyay et al. (2011), this
effect can be caused by an increased state density, e.g., due to
thermal occupation of excited vibrational bands, while a not
properly converged summation would lead to a decreasing
slope. The partition function for DPN, is about a factor of 2.1
larger than for HPN,. The fact that the NSSWs of DPN, are 1.5
times larger than for HPN,, explains some part of this effect.
Moreover, due to the higher mass of DPN, the state energies
decrease and thus show higher occupations for a fixed
temperature, as can be seen from Equation (6).

3.3. Vibrational Transitions

Within our RVCI calculations, we considered 73 vibrational
states for HPN, and 80 for DPN,. The results for the

Table 1
Partition Functions for HPN, and DPN, for Different Temperatures
T (K) ¢
HPN, DPN,

5 7.34 x 10? 1.53 x 10°
10 2.05 x 10° 437 x 10°
20 5.83 x 10° 1.24 x 10*
35 1.35 x 10* 2.87 x 10*
50 231 x 10* 490 x 10*
75 425 x 10* 9.03 x 10*
100 6.59 x 10* 1.40 x 10°
150 1.27 x 10° 272 x 10°
200 2.15 x 10° 4.64 x 10°
300 5.15 x 10° 1.14 x 10°
500 1.97 x 10° 438 x 10°
800 7.26 x 10° 1.60 x 107

Note. RVCI calculations are based on a PES using the frozen core
approximation because it yields vibrational frequencies closer to potential
experimental results.

fundamental bands and overtones for both isotopologues are
shown in Table 2. Results for combination bands are given in
the supplementary material. As has been explained before, we
provide a comparison between calculations based on a PES
relying on the frozen core (fc) approximation and an all-
electron (ae) correlation PES. As expected and previously
observed for other molecules, the deviations between fc and ae
results are smaller for fundamental bands than for overtones.
Moreover, the relative deviations in the intensities are relatively
small in most cases, except for 21,, for which the all-electron
calculation yields an approximately 50% higher intensity.
Comparing our simulated results with the experimental results
of Lu et al. (2022) shows a slightly better agreement with the
frozen core calculation frequencies. However, the standard
deviation is fairly high due to outliers and the small sample size
of only five transitions. Moreover, it should be considered that
Lu et al. (2022) used matrix spectroscopy, whereas our
simulations refer to the gas phase.

Comparing the frequencies of the fundamental bands of
HPN, and DPN, shows the expected strong deuteration effects
for the H—P stretching and bending modes. Note that v is the
H—P stretching mode for HPN, and 1, is the N=N stretching
mode. This is reversed for DPN,, which can easily be seen by
considering the intensities. Moreover, the H—P bending mode,
vs, is shifted by about 220 cm~! and loses about 50% of its
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Table 2
Vibrational Fundamental Bands and Overtones of Diazophosphane
HPN, DPN,
Band Irrep v ! v !
fc ae Ref. 1 fc ae fc

v Al 2315.2 2320.0 2322.1 35.7 37.2 2030.3 467.4
vy Al 2030.0 2036.5 2022.7 469.9 471.3 1682.7 18.0
V3 Al 934.3 938.9 935.2 16.2 16.4 712.4 8.2
vy Al 576.9 580.5 574.4 24.8 24.5 575.7 25.0
Vs A" 440.8 443.7 n.o. 1.9 1.9 4338 1.9
Vg A’ 354.0 356.5 n.o. 23 2.3 3332 2.2
2u, Al 4545.6 4555.1 n.o. 0.1 0.1 4029.6 3.1
2v, A’ 4030.8 4042.6 4045.4 22 32 33225 0.1
2u5 Al 1866.2 1874.6 n.o. 0.2 0.2 1424 .4 0.1
2uy Al 1135.6 1142.7 n.o. 0.0 0.0 1133.7 0.0
2vs A’ 880.3 886.0 n.o. 1.1 1.1 866.5 1.1
2ug Al 705.7 710.7 n.o. 1.3 1.3 665.8 1.1
RIS A’ 2794.2 2806.1 n.o. 0.0 0.0 2134.9 0.0
RIN Al 1675.6 1686.4 n.o. 0.2 0.2 1673.2 0.1
3us A" 1321.4 1329.9 n.o. 0.0 0.0 1299.7 0.0
RIZS Al 1061.5 1069.0 n.o. 0.0 0.0 1002.8 0.0

Note. Comparison between VCI results of HPN, for the PES using the frozen core (fc) approximation and the all-electron (ae) correlation calculation. Frequencies v
are given in cm~! and infrared intensities I are given in km mol . Irreducible representations (irrep) are provided for each state.

References. (1) Experimental matrix spectroscopy by Lu et al. (2022).
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Figure 2. The partition function of diazophosphane for different temperatures.

intensity. All of these findings are in good agreement with the
analysis in Lu et al. (2022).

Since resonances are intrinsically accounted for in VCI
theory, an analysis of resonating states is straightforward and is
provided in our calculations once a configuration contributes
more than 10% to the state of interest. Among the considered
vibrational bands, there are only a small number of meaningful
resonances. Neither the fundamental bands nor the overtones
for HPN, and DPN, show any Fermi (Fermi 1931) or Darling—
Dennison (Darling & Dennison 1940) resonances. The only
coupling for an overtone of HPN, can be found for 21, and v,
+ 2u4 + 2us at about 4030 cm ™', Moreover, the combination
band v; + vs shows a strong resonance with v4 + vs + 14 at
1375 cm™" (see the supplementary material). However, since
neither of the two bands involved has a noticeable intensity,
experimental confirmation of the latter resonance is not
possible.
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Figure 3. Vibrational ground-state stick spectrum of diazophosphane for 300
K. The color of the transitions are defined by the K, quantum number of the
upper state. For the sake of clarity, hot bands are not shown. The maximum
total angular momentum was set to J = 75.
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3.4. Rotational Spectrum

The pure rotational spectrum at a temperature of 300 K for
diazophosphane is provided by Figure 3. Hot bands are not
shown in this figure for two reasons: First, it allows for a better
analysis of the spectrum. Second, they will be discussed in
detail later on. The color coding in Figure 3 visualizes the
assigned K, quantum number of the initial rovibrational state.
The first progressions between 5 and 25 cm ™' shown in dark
green correspond to K, = 1, the orange progressions denote K,
2, and so on. The color pattern repeats after the seventh
color, hence the dark green progressions at 125 and 150 cm ™
correspond to K, = 8. The fact that each progression is given in
a single color shows that the assignment of the quantum
number K, is consistent for the vibrational ground state.
Moreover, for each K, value, the coloring allows us to identify
the thin but dense Q-branch in the center, the strong R-branch
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at the rhs, and the much weaker P-branch at the lhs. However,
it should be noted that, for K, = 1 and K, > 11, only two
branches are clearly visible.

A study of the temperature-dependent effect of the spectrum
including hot bands is shown in Figure 4. The previously
discussed Figure 3 corresponds to the black transitions of the
bottom panel in Figure 4. In addition, this figure shows three
different hot bands (4' — 4! 5' — 5' 6' — 6") all given
in red.

Up to a temperature of 100 K, ignoring hot bands is a decent
approximation. At 200 K, the contribution of hot bands is about
one order of magnitude smaller than for the ground-state
transitions and is almost entirely driven by the 6' — 6'
transitions. Moreover, even in cases where hot bands contribute
more strongly to the overall appearance of the rotational
spectrum, i.e., at 300 K, this does not lead to a shift in
intensities toward higher or lower frequencies. This is in
contrast to other molecules (Tschope & Rauhut 2023) and other
parts of the diazophosphane spectrum (see Section 3.6).

3.5. Rovibrational Spectrum

An overview of the rovibrational infrared spectrum of
diazophosphane for a temperature of 300 K and spectral range
up to 2700 cm™ ' is provided in Figure 5. In contrast to
Figure 3, here the color coding refers to the vibrational states
involved. More precisely, for the transitions in orange, both the
initial and final vibrational quantum numbers correspond to the
vibrational ground state. The dark green lines denote vibra-
tional fundamental bands (e.g., v). First overtones (e.g., 21)
and second overtones (e.g., 3v) are shown in yellow and light
green, respectively. As mentioned before, we have restricted
the RVCI configuration space to vibrational states up to a
maximum sum of quantum numbers of 3, i.e., third overtones
and combination bands of four different vibrational transitions
are not included. The fact that there is only one very weak
second overtone at 1650 cm ' and the absence of strong
second overtones in Table 2 provide some evidence that this is
a good approximation. Further analysis shows that, in this
spectral region, the coupling between these higher overtones
and other strong vibrational bands is relatively weak compared
to the two or three mode combination bands, which are colored
pink and gray, respectively. Finally, all types of hot bands are
colored black.

As expected from Table 2, the 1, mode is the most intense
vibrational transition by more than one order of magnitude.
Although 1, and v; + 214 have the same irreducible
representation (A’), their coupling within VCI theory is
virtually zero, but within RVCI theory it is noticeable. This
can also be seen by considering the intensities. VCI calcula-
tions P/ield an intensity of 469.9 km mol ' for v, and 0.4 km
mol~ " for 13 + 2v4. In contrast to that, the RVCI results show a
little less than two orders of magnitude difference in the
intensities, see Figure 5. Moreover, there are several regions
that are sufficiently separated to allow for independent
investigations by different experiments.

A more detailed analysis of some spectral regions of the
infrared spectrum of diazophosphane is provided in Figure 6.
All of the strong bands shown in the different panels are
fundamental bands of this near-prolate asymmetric top
molecule. Since panel (a) shows two strong bands, all of the
six fundamental bands are covered within this figure. Neither of
the two vibrational modes in panel (a) can be assigned to a
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Figure 4. Vibrational ground-state stick spectrum of diazophosphane for
different temperatures. Transitions from the vibrational ground state to the
vibrational ground state are drawn in black. All hot band transitions are given
in red. The maximum total angular momentum was set to J = 75.

typical asymmetric top band type. While the in-plane P—N=N
bending mode v shows a similarly strong change in the electric
dipole moment along the A- and B-axes, the dipole moment of
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Figure 5. Overview of the rovibrational infrared stick spectrum of diazopho-
sphane at a temperature of 300 K. Hot bands are colored black, the pure
rotational spectrum is given in orange, fundamental bands in dark green, first
overtones in yellow, second overtones in bright green (only visible at 1650
cm™!). Combination bands of two or three different vibrational transitions are
colored pink or gray, respectively. The maximum total angular momentum
quantum number is set to J = 75.

the out-of-plane P-N=N bending mode v5 changes only along
the C-axis. However, the small spectral separation of the two
bands of less than 100 cm ™" and the fact that they belong to
different irreps lead to strong Coriolis-coupling and hence a
lifting of the typical selection rules.

The P—N stretching mode v, shows the expected A-type
spectrum. However, it is subject to intensity borrowing due to
coupling with the much weaker overtones 2vs and 2vs. As
discussed in Tschope et al. (2021) and Tschope & Rauhut
(2023), this leads to the typical compression of the branch
facing the borrowing bands, i.e., toward higher energies, in this
case. Another typical example of an A-type pattern arises for
v,, which was to be expected since it is assigned to the N=N
stretching mode. Although there are combination bands
coupling with v, this leads to only a small asymmetry. The
H—P bending mode 5 in panel (c) and H—P stretching mode
vy in panel (e) show the expected B-type intensity pattern.

3.6. Hot Bands

The influence of hot bands on the low-frequency region
below 600 cm ™! can be seen in Figure 7. Panel (a) shows the
vibrational ground-state spectrum and the fundamental modes
Vg and vs, while panel (b) shows v,4. At a temperature of 300 K,
there are three vibrational states with meaningful thermal
occupations, which are 4',5' and 6'. The hot bands of the pure
rotational spectrum were already briefly discussed in
Section 3.4. Considering the different transitions 4" — 4! 5!
— 5' and 6' — 6' individually allow for two results: (1) the
intensity pattern is mainly the same in all cases and (2) the
intensity ratios seems to be in accordance with the thermal
occupation ratios.

In contrast to that, the four transitions 0 — 6', 6! — 6%, 5! —
50 4+ 61, and 4' — 4' + 6' at around 350 cm™' show very
different intensity patterns. Especially, the 5' — 5' + 6' band
in pink is significantly shifted toward higher frequencies. This
effect is even more pronounced for the next higher fundamental
band at 440 cm™ ', where all bands have a very unique visual
appearance due to the strong coupling. Moreover the 5' — 57
transition (pink) is at least as intense as the 6' — 5' + 6'
transition (green), although the thermal occupation of 5' is
lower than for 6'. Figure 7(b) highlights another common
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Figure 6. Infrared spectrum of the vibrational fundamental bands of
diazophosphane at a temperature of 300 K. The maximum total angular
momentum was set to J = 75. The modes v (yellow) and v5 (pink) are shown
in panel (a), mode v, (vibrant green) in (b), mode v; (hazy blue) in (c), mode v,
(orange) in (d), and mode v, (green) in (e). The y-axis scale range for the
different figures varies.

phenomenon for hot bands, which is a significant shift in the
band center. In the case of the 4' — 4% band (yellow), the
transition is 20 cm ™! lower than for the fundamental transition
0 — 4.
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Figure 7. Infrared low-frequency stick spectrum of diazophosphane. This
spectral region is split in two panels for better visibility because the band
around 577 cm™! is one order of magnitude stronger (see Figure 5) than the
band in panel (b). For transitions drawn in black the initial vibrational state is
the ground state. Hot bands for different vibrational transitions are given in
different colors. Transitions initiated from vibrational state 4, 5!, and 6" are
colored yellow, pink, and green, respectively. The maximum total angular
momentum was set to J = 75.

3.7. Spectroscopic Constants

Another way to analyze rovibrational characteristics besides
comparing line lists and the visual appearance of spectra are
spectroscopic constants. They allow to condense large line lists,
which are obtained by experiments or simulations, into a small
set of well-defined molecule-specific constants by using a
model Hamiltonian. Computationally, these rotational and
centrifugal distortion constants can be obtained by vibrational
perturbation theory (VPT). For this reason, the PESs of HPN,
and DPN, have been transformed to a quartic force field to
obtain the force constants needed for VPT2 calculations. For
diazophosphane, we have chosen the A-reduced Hamiltonian
over its alternative, the S-reduced Hamiltonian similar to our
previous studies, see Dinu et al. (2022) and Tschope & Rauhut
(2023). Moreover, we followed the convention to use the I
orientation for this near-prolate asymmetric top molecule.

The results for HPN, are given in Table 3 and, for DPN,,
they can be found in the supplementary material. Again, we
provide a comparison between calculations based on a PES
using the frozen core approximation and a PES obtained by all-
electron calculations. Since diazophosphane is a near-prolate
asymmetric top molecule, it has one very large rotational
constant, i.e., A, and two rather small ones being very similar in
size, B and C. The relative deviation between the fc and ae
results are about 0.5%, which is similar to the findings in
Schneider & Rauhut (2022). Although the quartic and
especially sextic constants are several orders of magnitude
smaller, the relative deviations are about the same as for the
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Table 3
Spectroscopic Constants for the Vibrational Ground State of HPN,
Parameter ae fc

A [GHz] 254.46592 253.29347
B [GHz] 5.94814 5.91260
C [GHz] 5.80568 577117
Ay [kHz] 2.298 2.295
Ajx [kHz] 126.733 125.805
Ag [MHz] 19.120 19.061
oy [Hz] 54.842 54.748
Ok [kHz] 77.312 76.986
oy [Hz] —0.002 —0.002
D [Hz] 0.432 0.430
Dy, [Hz] —134.311 —135.313
(3 [kHz] —8.868 —9.050
[ox] [mHz] —0.048 —0.049
bk [Hz] 0.247 0.245
ok [Hz] 378.121 378.626

Note. Watson’s A-reduced Hamiltonian and 1" representation is used for the
VPT?2 calculations. Comparison between results for the PES using the frozen
core (fc) approximation and the all-electron (ae) correlation calculation. The
rotational constants for the equilibrium geometry are A, = 254.98012 GHz, B,
= 5.94287 GHz, and C. = 5.80751 GHz within the fc approximation and A.
= 256.16949 GHz, B. = 5.97837 GHz, and C. = 5.84203 GHz for the ae
correlation calculations.

rotational constants. In fact, in many cases, the difference is
about 0.1%. However, it should be mentioned that, for the
sextic constants, we do not expect that the small difference
between our two simulations reflects the error margin of our
method.

4. Summary and Conclusions

Within this work, high-level ab initio methods have been
used for the first time to investigate the rotational and
rovibrational spectra of diazophosphane. Explicitly correlated
coupled-cluster calculations have been used to determine
multidimensional PESs represented by an n-mode expansion
up to fourth order. For each of the two isotopologues (HPN,
and DPN,), two PESs were determined. The first one uses the
frozen core approximation relying on error compensation with
respect to neglected contributions within the electronic energies
and leads to vibrational frequencies that usually match nicely
with experimental results. The second PES uses all-electron
calculations, which have shown a better agreement for the
spectroscopic constants in the past (Schneider & Rauhut 2022;
Tschope & Rauhut 2023). To determine the vibrational and
rovibrational frequencies and intensities, VCI and RVCI theory
has been used. All simulations were performed with the
MOLPRO program package of ab initio programs.

Theoretical results for the geometrical parameters of the
equilibrium and vibrational averaging structures of HPN, and
DPN, have been provided. Moreover, theoretical values for the
partition functions within a temperature range between 10 and
800 K have been presented. In addition to that, we provided
line list for more than 70 vibrational bands, which show neither
Fermi nor Darling—Dennison resonances. However, it revealed
a strong resonance with a leading coefficient for the VCI wave
function of 0.71 for the combination bands ;3 + v5 and v4 + vs
+ g at 1375 cm™' for HPN,. In contrast to HPN,, the
deuterated system shows even fewer resonances. The rotational
spectrum was also studied for temperatures between 10 and 300
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K, including hot bands. Moreover, we discussed the K, quantum
number dependence of the progressions. The rovibrational
spectrum was analyzed with respect to the hot bands and
vibrational quantum numbers. Furthermore, a discussion of the
rovibrational infrared stick spectra was presented for all
fundamental bands of HPN,. Last, we provided the rotational
and centrifugal distortion constants obtained by VPT calculations
of the asymmetric top molecule. A comparison between results
based on the all-electron PES with results obtained by frozen
core calculations showed a relative deviation of about 0.5%.

These data should allow to guide observations of diazopho-
sphane in astrophysical environments, like, for example, AGB
star envelopes, as well as further laboratory studies. In
particular, the spectral region between 300 and 550 cm '
appears to be fairly unique and thus characteristic for the
molecule’s identification.
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to our attention. We thank the Deutsche Forschungsge-
meinschaft (DFG; project Ra 656/23-3) and the Studienstif-
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berg through bwHPC and the DFG through grant No. INST
40/575-1 FUGG (JUSTUS 2 cluster). This publication was
funded by the German Research Foundation (DFG) grant
“Open Access Publication Funding/2023-2024/University of
Stuttgart” (512689491).
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