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1 Scope

This thesis presents the study of small nitrogen-bearing molecules by means of rotational and
ro-vibrational spectroscopy. Besides their theoretical relevance, which spans from anharmonic
force field analyses to energetic and structural properties, I have chosen this family of species
because of their astrochemical importance. Molecular spectroscopy is one of the most powerful
tool that chemists, and scientist in general, have to study astronomical sources. Such distant
objects cannot be investigated directly and, thus, require the use of something which can easily
travel for long distances: light.

Rotational spectroscopy has demonstrated to be a precious tool to detect molecules in the In-
terstellar Medium (ISM). The number of species observed thanks to radio-telescopes increase
constantly and more laboratory studies are demanded to understand the chemistry in Space. In-
deed, only the comparison of astronomical observations with laboratory measurements allows
to infer physical properties (e.g., temperature, density) of stars and interstellar clouds and their
chemical composition.

In the three years I spend as PhD student, I focused my research activity on the laboratory char-
acterization of stable and unstable species with different spectrometers. However, my education
includes not only the physical chemistry behind the spectroscopy, but also a bit of astronomy,
programming, electronics, quantum chemistry, and organic chemistry. The interdisciplinary as-

pect of spectroscopy is what fascinating me most.

The structure of this thesis is as follow:

Chapter 2 introduces some basic knowledge of molecular spectroscopy and astrochemistry.
The notions of rigid rotor and harmonic oscillator are briefly given, as well as radiative transfer
processes which occur in astronomy. The synergy between laboratory measurements and astro-

nomical radio-observations is also explained.

In Chapter 3 the instrumentation used during the course of my PhD school is described. It in-
cludes the Bologna millimeter/submillimeter-wave spectrometer and Fourier-transform infrared
spectrometer, the Supersonic Jet Spectrometer for Terahertz Applications (SuJeSTA) in Kassel,
and the AILES beamline at SOLEIL Synchrotron. Most of my researches have been performed
with the submillimeter spectrometer located at the Department of Chemistry “Giacomo Ciami-
cian” (University of Bologna). This instrument is described more in detail than the other ones.

Chapter 4 presents the most relevant studies I conducted during the last three years. This
Chapter is the core of the thesis. Generally speaking, a number of molecules of astrophysical
relevance have been characterized spectroscopically. These molecules, either stable or unsta-
ble, have been studied by means of rotational and ro-vibrational spectroscopy. The sample

of studied species is constituted by small radicals (imidogen, amidogen, and titanium nitride),



cyanopolyynes (cyanoacetylene) and pre-biotic molecules (aminoacetonitrile).
Other studied species, including imines (C-cyanomethanimine, ethanimine), oxygen-bearing
species (ethylene glycol), and halocarbons (trifluoroethene, mono-deuterated chloroform), are

not extensively presented but they are shortly reported in the Appendix.

Some results related to the spectroscopic studies are reported in Chapter 5. Here, the first as-
tronomical detection of the singly- and doubly-deuterated amidogen radicals (NHD and ND,) is
presented. These two species have been observed towards the pre-stellar core IRAS 16293-2422
and the deuterium fractionation of NH, is discussed. I also report the detection of vibrationally
excited aminoacetonitrile NH,CH,CN in Sagittarius B2, as observed in the ReMoCa survey.
This is the second detection of aminoacetonitrile in the interstellar medium and the first as-
tronomical observation of vibrationally hot lines. A comparison between previous and new
observations is discussed.

Finally, few general remarks are discussed in Chapter 6. The importance of future laboratory
studies is pointed out, along with possible perspectives.



2 Introduction

The aim of this chapter is to offer some insight into molecular spectroscopy and the relationship
between laboratory data and astrochemical observations. Since I have decided not to burden
this work with much theory found in numerous books, this chapter is not intended to be fully
exhaustive for a non-expert reader. However, more details about Hamiltonians and theoretical

notions will be offered in the following chapters as far as they are needed.

2.1 Rotational and ro-vibrational spectroscopy

Spectroscopy is one of the most helpful tool we have to investigate atoms and molecules. Mat-
ter can interact with electromagnetic radiations at different wavelengths, giving rise to different
phenomena. In any case, useful information about atomic and molecular properties, structures
and behaviors can be derived. This thesis focuses on rotational and ro-vibrational spectroscopy,
i.e., the study of molecules by means of a radiation whose wavelength is comprised between
1 cm and 1 um. These wavelengths have the right energy to excite the rotational and the vibra-
tional energy levels of small molecules '. Each study has been conducted in the gas-phase, the
only state of matter in which molecules can rotate freely. Even though vibrational spectra can
be recorded in the liquid and solid phases as well, gas-phase spectra recorded at low pressure
(typically few Torr of sample) show a spectral resolution that cannot be reach in liquids and
solids. Moreover, if the investigated molecules are not too large and the pressure is kept low,
their vibrational spectra would be rotationally resolved.

From the analysis of these spectra, plenty of information can be derived. The rotational energy
level spacing depends, in the first instance, on the mass distribution within the molecule; in
particular, it depends on which atoms are present in the molecule and how they are connected.
Rotational spectroscopy is very sensitive to the geometry of a molecule and, thus, is a precious
tool to determine structural parameters (e.g., bond lengths, angles, and so on) with unprece-
dented accuracy. The number of properties that can be studied by molecular spectroscopy are
quite large and include: electric and nuclear dipole moments, conformational behaviors, large
amplitude motions and hindering barriers, molecular force fields, hyperfine interactions, po-
tential energy surfaces, and many others. Also, molecular spectroscopy has successfully been
applied to the characterization of gaseous systems, e.g., Earth and planetary atmospheres and
the interstellar medium. The chemical composition of the Earth’s atmosphere is of big impor-
tance, especially because of its interactions with living organisms. Besides the changes of its
composition due to natural processes, the chemical equilibrium in the Earth’s atmosphere has
also been influenced by human activity. Some of the problems which have been recognized and
monitored by atmospheric chemistry are ozone depletion, photochemical smog, greenhouse ef-
fect and, among all, global warming. These problems are mainly caused by enormous human

emissions of CO, and other gases such as CH4, NO,, and chlorofluorocarbons (CFCs), whose

"Here, the term “small” intends a species with few heavy atoms, where any element but hydrogen is considered
“heavy”.



presence in the Earth’s atmosphere can unequivocally be confirmed by their infrared signatures.
Spectroscopy aims to understand the origin of such problems, allowing possible solutions to be
evaluated.

On the other hand, the interstellar medium does not affect our lives directly but its study is inter-
esting from many points of view. The term ISM refers to the matter (gas and dust) and radiation
(cosmic rays) located in the space between stellar systems. Mainly, the interstellar medium is
composed by gas particles (atoms, molecules, and radicals) either in their neutral or ionic forms.
Dust grains (silicates and carbonates) are also present in the ISM, but they represent only ~1%
of the total mass. Most of our knowledge of the interstellar medium comes from spectroscopic
observations. All atoms and molecules possess characteristic “fingerprints”, i.e., each species
has its particular spectrum: these spectral lines can be detected through (radio-) telescopes and
carry important details about the composition and physical properties of the sources from which
they arise. For example, the temperature of the object and its dynamical state can be easily de-
rived from the intensity and shape of molecular signals. To date, more than 200 molecules have
been found in the ISM and circumstellar shells. They include species that range in size from
two to seventy atoms and have been detected in the majority of the case (ca. 80%) using radio
astronomy facilities at centimeter (cm), millimeter (mm), and submillimeter (submm) wave-
lengths. This means that in most cases molecules have been detected thanks to their rotational
features, either in emission or absorption. The energetics of the environments in which most
molecules are found is comparable to that required to populate these rotational energy levels,
thus making possible to observe rotational transitions in the ISM. Obviously, matching signals
at specific wavelengths with a specific molecule requires laboratory studies. Spectroscopy is
a well-known subject and it is beyond the scope of this thesis to give an exhaustive state-of-
the-art overview of the spectroscopic techniques. They can be roughly divided into absorption
or emission spectroscopy and in those techniques that simultaneously collect data over a wide
spectral range (multiplex spectroscopy) or those which measures intensity over a narrow range
of wavelengths at a time (scanning spectroscopy). In the works presented here, only absorption
experiments have been conducted. Some details about the instruments used will be presented
in Chapter 3.

However, what really matters in laboratory studies is to use models (Hamiltonian) which are
able to reproduce the spectra observed experimentally. The Hamiltonian used in ro-vibrational
spectroscopy relies on the physical notions of the rigid rotor and harmonic oscillator. To under-
stand rotational spectra, we have first to consider molecules as rigid bodies rotating around their
center of mass. If the coordinate system is properly chosen (principal axes of inertia), the inertia
tensor I(3x3) is diagonal and only its principal components /,, I,, and I, need to be considered.

In this system, the rotational Hamiltonian can be written as [1]:

2
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where P,, Py, and P, are the components of angular momentum P. The eigenvalues of 7, are
the quantized rotational energy levels. Usually, the axes notation x, y, and z is replaced with q,
b, and c, where a, b, and ¢ denote the axis of the principal inertia system and I, < I, < I.. The

type of rotor depends on the values of the three principal moment of inertia as follow:

linear rotor (I, = I.,1, = 0);

spherical rotor (I, = I, = 1.);

symmetric-top rotor, prolate (I, < I, = I.) or oblate (I, = I, < I..);

asymmetric rotor (I, < I, < I..).

It has to be pointed out the rotational Schrodinger equation can be solved exactly for linear,
spherical, and symmetric-top rotors, while there is no exact solution for the asymmetric rotor. In
the latter case, the Hamiltonian contains the angular momentum P and all its three components
but it does not exist a set of functions which are simultaneously eigenfunctions of the four
operators P%, P2, P2, and Pi.

On the contrary, .7, for a symmetric-top rotor contains only the operators which have common
eigenfunctions designed as ¥, ¢ and the matrix elements associated with these operators are
known. In this case, /%, contains only the operators P? and Pg; the matrix of the Hamiltonian
operator in the symmetric-top representation is diagonal [1]:

(LK,MIP*|J,K,M)=R*J(J+ 1), (2.2)
(J,K,M|P?|J,K, M) = i*K*, (2.3)

where J is the rotational quantum number quantizing the total angular momentum of a molecule
and K and M quantize its projection along the z axes in the body-fixed or laboratory-fixed
system, respectively. The eigenvalues of the rotational Hamiltonian for an asymmetric-top
molecule can be found using the eigenfunctions of a symmetric-top as a basis to construct a
matrix representation of the %, asymmetric-top operator. In this latter case, the matrix ele-
ments of the operators P and P are also required. They are both diagonal:

h2
(LK.M PJLK M) = = [1(J+ 1) = K*| = (J.K. M| P} |]. K. M) (2.4)

and off-diagonal:
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(J,K,M|P2|J,K +2, M) = —% VIJ(J +1) = K(K + 1)]

x U+ D= (K D(Kz2)]=~(LKMPILK£2,M). (2.5)

Finally, the constructed matrix is diagonalized and the eigenvalues obtained.
Albeit useful in the understanding of rotational spectra, the rigid rotor approximation is far from
reality because molecules are non-rigid and vibrate during the rotation. The Hamiltonian for a

semi-rigid rotor, which accounts for centrifugal distortion effects, can be written as:

Ay = % D HapPoPp + % D TapysPuPsPyPs + ..., (2.6)
B aBys
where the ygﬁ are elements of the inverse moment of inertia tensor, P; (i = «,f,7y,9) is the
operator associated to a particular component of the angular momentum P, and each sum runs
over the inertial axes a, b, and c¢. The terms on the right-hand side represent the classical rigid-
rotor energy plus contributions due to the centrifugal distortion treated at increasing orders
(quartic, sextic, etc.). An easy way to account these effects on rotational spectra is to treat the

centrifugal distortion as a perturbation:

jéasemi—rigid = f%?ot + %ist 2.7)

where 77, is the Hamiltonian of Eq. (2.1) and % is the perturbation operator. The form
of this operator varies from rotor to rotor and corresponds to exact solutions for all cases but
asymmetric-top molecules. In the latter case, a “reduced” Hamiltonian is commonly employed.
In addition to the distortion of a molecule caused by stretching effects of the centrifugal forces,
vibrational motions have to be considered as well. The rotational and distortion constants must
be averaged over the vibrational motion of atoms, and thus depend on the vibrational state
in which the rotational spectrum is observed. In practice, the expectation value of a generic
property X can be written as a Taylor series expansion around the equilibrium geometry:

0X 1 0*X
(X) =X, + Z (a_Qr)Q:O (0 + 5 Z (M)Q:o (0,00 +...., (2.8)

where Q,, Q; are normal mode coordinates. However, a complete comprehension of the models
used to describe the various type of rotor, a detailed treatment of the distortable rotor, and the
so-called fine and hyperfine interactions due to the presence of electronic and nuclear spins
(which couple with the rotational angular momentum), will be not given here. The molecules
presented in Chapter 4 spans from linear to asymmetric rotors and they are either closed- or
open-shell. The Hamiltonians used will be explained case-by-case and are based on well-known

theories; these can be generally found in the book from Gordy & Cook, “Microwave Molecular
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Spectra” [1].
Similarly, the derivation of vibrational energies starts from the notion of the harmonic oscillator.

The Hamiltonian obtained from the classical vibrational energy is:

v =

| =

3N-6
> (0 +a0}) (2.9)
k

where A, is a force constant associated to the normal coordinate Qy (the sum runs over the 3N -6
coordinates which identify the position of N atoms within the molecule). However, chemical
bonds deviate from being harmonic oscillators and molecular systems are better described by
potential energy surfaces which account for the anharmonicity of the motion.

For a poly-atomic molecule, the vibrational energy results to be a sum of many anharmonic
oscillators:

d; d; d;
Evib:Zwi(]}i+5)—2/\/,']'(\/,'4'5)(\/]'4'5])4'..., (210)
- T

1

where w; 1s the harmonic frequency of the i-th vibration, v; the vibrational quantum number, d;
the degeneracy of the vibrational motion, and y;; the first-order anharmonicity constant from a
Taylor expansion of the potential energy. Also in the case of vibrational motion, it is hard to
be exhaustive without being redundant. The Hamiltonians used will be given for each studied
molecules, with a particular attention for cyanoacetylene (§ 4.3.3) which is a linear rotor and
exhibits effects due to /-type and Fermi resonances. As reference, the book “Spectra of Atoms
and Molecules” by Bernath [2] was used.



2.2 Astrochemical observations

Matter emits electromagnetic radiation at any temperature above zero. The wavelength of this
radiation is a function of the temperature of the emitting object. Matter at low temperature emits
waves that are longer than those emitted at higher temperature.

Interstellar matter, at a temperature of few Kelvin, emits radiation in the cm to submillime-
ter wavelengths region (3 GHz - 3 THz). This is the reason why molecules in the interstellar
medium can be observed by radio-telescopes. The general phenomenon for which matter emits
at a nonzero temperature is called thermal emission and its measure depends on the nature of
the matter and, of course, its temperature. Because of these dependencies, thermal radiation
carries a lot of information on the matter itself, i.e., molecules in this case. The chemical com-
position of a nebulae and the relative abundances of each molecule can be determined from the
frequency and intensity of spectral lines.

In radio observations, the intensity of a spectrum is generally depicted by a temperature scale. In
practice, the studied source and an adjacent position without any interfering emission/absorption
are observed alternatively and the difference between the recorded signal is taken. This differ-

ence can be written as:

AL = [B(T) - B«(Ty) - B.(To)l{l —e™™}, (2.11)

where B,(T) is the intensity of a black-body radiation at the temperature 7 and wavelength v,
T, and T¢ are the cosmic background and the continuum temperatures, respectively, and 7, is
the optical depth (a quantity related to the physical thickness of the cloud and a coefficient «,
which reflects the absorbing properties of the cloud).

The absorption coefficient can also be expressed in terms of the properties of a molecule. Con-
sidering a simple two-level system (lower level / and upper level u), the absorption coefficient

for the transition from / to u is given by:

cn, hvy
Q= — Jex —1%a, 2.12
: Sm/ilAv{ p(kBT) } : .12

where c¢ is the speed of light, n, is the population of the upper level, v,; is the frequency of

the photon which corresponds to the energy difference between the levels / and u, Av is the
line-width, A, is the Einstein coefficient for the spontaneous emission, and kg is the Boltzmann
constant. Here, a Boltzmann distribution for the population of the two levels at a temperature 7'

is assumed:

i Ei
n; & n exp (——) . (2.13)

T UT) kT
In the equation above, g; is the degeneracy of the i-th level, E; its energy, U(T) is the partition

function, and n; is the resulting population of the level i. The A,; Einstein coefficient is computed

8



as follow:
~ 647"V S
ul 3hc3gu ]
where § ,; 1s the line strength, and u is the dipole moment that allows the transition between the

two levels. Substituting Eq. (2.14) into Eq. (2.12), and given that 7, = @,,L (with L being the
physical thickness of the emitting source), one obtains:

8138 ul,uz hv,; E,
= T W) _ _ LN, 2.15
T = 3o @)\ P ke T P\ T 215

where N is the column density (N = nL) of the molecule considered and the line width has been

(2.14)

expressed as velocity width [Av = Av(c/v,;)]. To derive Eq. (2.15), the level population was
assumed to be represented by a Boltzmann distribution. If this assumption is true, the system is
said to be in local thermodynamic equilibrium (LTE).

In LTE conditions, the excitation temperature (7.x.) is equal to the rotational temperature (7).
In interstellar clouds, molecules are excited and de-excited by collisions with molecular hydro-
gen: if collisions are frequent enough, 7} is close to the kinetic temperature (7y;,) of the gas
(H,), and the LTE condition is satisfied. On the other hand, if collisions are less frequent in
comparison with radiation probability, the radiative cooling becomes important and the popu-
lation of the levels deviates from a Boltzmann distribution. In this case, the LTE does not hold
and the T, changes from transition to transition.

Moreover, depending on the value of the optical depth 7,;, we have two distinguish between two

possible cases: optical thin and optical thick lines.

Optically Thin Case. When 7, of a spectral line is much lower than unity, the line can be in-
dicated as being optically thin. Because the optical depth is proportional to N and S ,;, optically
thin generally refers to a low column density or low line strength. In this case, its intensity can
be approximated as:

hv,, 1 1 1
AT = - - " 2.16
ks {expmvul/kBT)—l exXp vl ks Ty) — 1 exp(hvu,/kBTc)—l}” (210

and is proportional to the column density. The value of N, as well as the excitation temperature,

can be determined from:

kW N E,
8vuS a2 UT) kT’

where W is the integrated intensity of the line, which is generally assumed to be W = AT Av.

(2.17)

If several transitions are detected for a given species, the observed values for the left-hand side
can be plotted against the upper-state energy E, and the relation should be linear if the LTE

9



holds. This method is called “population diagram” (or rotation diagram method).

Optically Thick Case. On the other hand, when 7,; is much higher than unity (abundant
species, strong lines), the line is termed as being optically thick and the observed temperature
equals the excitation temperature. In the optically thick case, the photons emitted in the inner
part of a cloud are completely reabsorbed within the cloud, and the intensity is determined by the
surface temperature. Therefore, the column density cannot be determined from optically thick
lines and rare isotopic species are used instead in determining N of the parent isotopologue.

Since 7,; depends on the line strength, also the intensities of hyperfine components in open-
shell molecules can deviate from LTE. This is because the strongest components might not be
optically thin. The intensity ratio (R) between different components is expressed in terms of the

optical depth of the strongest (s) component 7:

Ts

R= 1—e
Cl—eir’

(2.18)
where r is the LTE intensity ratio in the optically thin case and the same T, is assumed for both
components. The optical depth 7, can be derived more accurately by fitting all the hyperfine
components simultaneously.

Generally speaking, a physical quantity more significant than the column density of a species is
its fractional abundance X. Fractional abundances are typically derived relative to H, (Xy,), for
comparison with chemical models. To obtain such values, the observed column densities are

simply divided by the H, column density in the source.
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2.3 Nitrogen chemistry in the ISM

Nitrogen is the fifth most abundant element in the interstellar matter near the solar neighbor-
hood, with a cosmic abundance relative to hydrogen of 6.76 x10~>. In diffuse clouds, i.e., low-
density regions dominated by photodissociation and photoionization processes, nitrogen mainly
exists in its neutral form N because the ionization potential of nitrogen atoms is higher than that
of H atoms (14.534 vs. 13.598 eV). Thus, the formation of nitrogen-containing molecules starts
from reaction of N atoms with other species [3].

Nitrogen first reacts with neutral species, such as CH,, CH, or C, to form hydrogen cyanide
(HCN) or its radical CN [3]:

CH, + N — HCN +H, (2.19)
C,+N— CN+C, (2.20)
CH+N— CN+H. (2.21)

However, there are two pathways which are suggested to bring nitrogen into its ionized form
N™: a direct ionization of N atoms by cosmic ray-induced UV radiation, or in the reaction:

He* + CN — N* + C + He. (2.22)

Once N* is produced, the following hydrogenation reactions chain can proceed in succession
[4, 5]:

N*+H, — NH* + H, (2.23)
NH* + H, — NH,* + H, (2.24)
NH,* + H, — NH;* + H, (2.25)
NH;* + H, — NH," + H. (2.26)

In each step, the cation formed can react with an electron to give the corresponding neutral
species (NH, NH,, and NH3) but the molecules thus produced are destroyed by photodissoci-
ation. The situation is different in a cold molecular cloud, where radiations are shielded at the
center of the cloud and photodissociation processes become inefficient. In addition to the above

series of reactions, NH," will be formed in cold clouds by the following reactions [6, 7]:

N2 + H3+ —> N2H+ + H2 , (227)
N,H" +e — NH + N, (2.28)
NH + H3+ — NH2+ + H,. (2.29)

11



This route is effective, as long as CO (the main destroyer of N,H™) is heavily depleted onto dust
grains. In this case, NoH" has more chances to encounter an electron for reaction and both NH;
and NH; can be formed in the gas phase. The chemical processes which form nitrogen hydrides

from N atoms is summarized in Figure 2.1.

— =reaction with H,
..... » = photon-induced

Nitrogen Imidogen Amidogen Ammonia o » = electron recomb.
= neutralization
- - -—-—--1 N, |- ----
! ‘. .. " e S ... .
i “".‘ -_““u \_‘\. -.‘_-\~ ““‘ -"N___‘. ‘.“‘ )
| Ammonium

Figure 2.1: Schematic visualization of nitrogen hydrides formation [8].

Cyanopolyynes (HC,,CN) (and their geometrical isomers) can be formed by reactions of HCN
with hydrocarbon ions. For example, the ion-molecule reaction pathway forming cyanoacety-
lene (HC;N) is [9]:

C,H," + HCN — HCCCNH' + H, (2.30)
HCCCNH" + e — HC3;N + H. (2.31)

HC;N can also be formed via the neutral-neutral reaction [10]:

CH, + CN — HC;N +H (2.32)

In addition to gas-phase reactions, dust grains may play an important role in the production of
molecules. Atoms and molecules in the ISM can be absorbed on dust-grains surface, providing
further opportunities for chemical reactions to take place and enhance the chemical complex-
ity. Without going too much into details, dust-grains surfaces have the general effects of re-
ducing the barrier height of reactions between two absorbed partners. Because H atoms and H,
molecules have high surface mobility, hydrogenation reactions are the most important processes
in grain-surface chemistry.

Complex organic molecules are thought to be mainly produced in this way and then released

into the gas-phase through warm-up of dust-grain mantles or via shocked chemistry [3].
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3 Experimental details

Different instruments were used to record the rotational and ro-vibrational spectra of the studied
molecules. Two of them are located in Bologna and have been used daily in my PhD activity,
while during the six months at Kassel Universitit I have worked with the SuJeSTA spectrom-
eter of the Laborastrophysik group. In addition, the CASAC spectrometer at the Max Planck
Institute fiir Extraterrestrische Physik and the infrared spectrometer of the AILES beamline at
SOLEIL are also mentioned because they were used for some of the studies reported here. In

this section, a description of each spectrometer is given.

3.1 Bologna Submillimeter-Wave Spectrometer

Rotational spectra were recorded in Bologna using a frequency-modulation millimeter-/

submillimeter-wave spectrometer (Fig. 3.1).

[
2 o ——  Pump system

I
4

Rb

Atomic
Clock

Lock-In @

Figure 3.1: Schematic representation of the millimeter-/submillimeter-wave spectrometer [11].
The instrument is depicted in the following set-up: single-pass configuration, Gunn diode at its
fundamental frequency and connected to the PLL, absorption cell equipped with a DC discharge
system, some cylinder gases to inject the sample, and InSb bolometer as detector.

The main sources of monochromatic polarized radiation are several Gunn diodes (Radiometer
Physics GmbH, J.E. Carlstrom Co, Farran Technology Limited) which emit in the frequency
range 75-134 GHz with an output power between 30 and 48 mW. Higher frequencies, up to
1.244 THz, are obtained by coupling the Gunn diodes with passive frequency multipliers in
cascade (Radiometer Physics GmbH, Virginia Diodes Co). Each frequency multiplication de-
creases the output power of the radiation to about 10% of the input power. The output frequency
is stabilized through a Phase-Lock-Loop (PLL) system. The microwave radiation generated by
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the Gunn diode is mixed with a harmonic of a centimeter-wave oscillator (HP8672A, 2—-18 GHz)
in a harmonic mixer, whose output is the difference-frequency or Intermediate Frequency (IF).
In the synchronization cycle, the IF is matched with an external reference of 75 MHz generated
by a second synthesizer (HP8642A). The frequency-modulation technique was used to improve
the signal to noise ratio (S/N) of the recorded spectra. The frequency modulation of the ra-
diation was obtained by sine-wave modulating at a frequency (f) between 0.5 and 48 kHz the
reference signal of the HP8642A synthesizer. The amplitude of the modulation (FM) depends
on the line-width and the required resolution. Both synthesizers are referenced to a 5 MHz
rubidium atomic-clock, whose frequency stability is 310712 Hz.

The electromagnetic radiation is focused in and out of the cell by two parabolic mirrors (Ed-
mund optics). The absorption cell is a Pyrex glass tube with a length of 3.25 m and a diameter
of 5 cm. The cell is closed at the ends by two high-density polyethylene (HDPE) windows,
transparent to microwave radiations. When a double-pass configuration is used, one window
is replaced with a roof-top mirror and a wire grid polarizer is placed with a 45°angle between
the HDPE window and the incoming radiation. It is equipped with two cylindrical hollow elec-
trodes for a DC plasma discharge (up to SkV and 120 mA), and it is jacketed by a plastic pipe
for liquid nitrogen cooling. The cell is placed inside a solenoid that can generate a magnetic
field longitudinal to the absorption path. The spectrometer is equipped with a second cell,
slightly shorter (3 m) and thicker (d=8 cm), which is connected to a pyrolysis system. A quartz
tube can be heated by a 30 cm long furnace at temperatures up to 1200°C. The quartz tube is
connected at one end with a pressure gauche and two sample inlets, and to the absorption cell
at the other end. This system allows the study of semi-stable molecules which can be formed
during a Flash Vacuum Pyrolysis (FVP) process. The cells are connected to a pumping system,
a diffusion pump and a rotary pump in cascade, that ensure high vacuum conditions (~ 0.1 bar).
The pressure inside the cell is monitored with pressure gauges (MKS Baratron, resolution =
0.1 bar), while the temperature is tracked by few thermocouples (type T).

Two detector systems, operating in different frequency ranges and at different temperatures,
were used to record the spectra. Room-temperature Schottky barrier detectors (Millitech, Vir-
ginia Diodes Co) were used at frequencies below 520 GHz, while a hot-electron indium anti-
monide (InSb) bolometer (QMC Instr. Ltd. type QFI/2), cooled to liquid helium temperature,
was used at higher frequencies. The pre-amplified detector signal is demodulated by a Lock-
in amplifier at twice the modulation frequency (2f), to record the absorption signal in second
derivative. This process modifies the line shape as shown in Figure 3.2.

An additional S/N improvement is achieved by filtering the signal into an ohmic RC circuit.
Finally, the Lock-in signal is analog-to-digital converted and sent to a computer. A home-
written program, based on the Visual Basic 6.0 language, drives the instrument, acquires and
processes the signal.
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Figure 3.2: Simulation of Gaussian line profile (top panel) and its first (middle panel) and
second derivative (bottom panel).
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3.2 Center for Astrochemical Studies Absorption Cell

Spectrometer

Part of the spectra observed in the millimeter and submillimeter domain were recorded with the
CASAC (Center for Astrochemical Studies Absorption Cell) spectrometer at the Max-Planck-
Institut fiir Extraterrestrische Physik (MPE). The experimental apparatus is similar to the sub-
millimeter spectrometer described in Sec. 3.1. Briefly, the instrument employs an active mul-
tiplier chain (Virginia Diodes) as a source of millimeter radiation in the 82—-125 GHz interval.
By the use of two additional frequency tripler stages in cascade, this setup provides operation
in the THz regime with an available power of a few W. A cryogenic-free, closed-cycle cooled
InSb hot electron bolometer (QMC Instr. Ltd.) is used as a detector. The absorption cell is a
Pyrex tube (3 m long and 5 cm in diameter) containing two stainless steel, cylindrical hollow
electrodes separated by 2m. The plasma region is cooled by liquid nitrogen circulation. The
spectrometer employs the frequency modulation technique to enhance the signal-to-noise ratio
of the recorded signals. The carrier frequency is sine-wave modulated at a rate of 33.3 kHz,

then phase sensitive detection at 2 f is performed using a digital lock-in amplifier.

3.3 SuJeSTA. A Supersonic Jet Spectrometer for Terahertz
Applications

Rotational spectra were recorded in Kassel using the Supersonic Jet Spectrometer for Terahertz
Applications (SuJeSTA, Fig. 3.3) [12].

The source of radiation is the Active Multiplication Chain (AMC, Virginia Diodes) WR9.0AMC-
I which emits in the 82-125 GHz frequency range with a typical output power of 14 dBm. It is
driven by a 8—20 GHz Frequency Synthesizer, referenced to a 10 MHz GPS signal which ensures
the frequency stability. Higher frequencies were obtained using passive frequency-multipliers
in a cascade. All mirrors are made of aluminum for high reflectivity, while the other optical
accessories, e.g., lenses and windows, are made of either Teflon or HDPE, offering high trans-
mittance for submillimeter waves.

A laser ablation system followed by a supersonic expansion is used for the production of unsta-
ble species. Briefly, a 1064 nm Q-switched Nd: YAG laser beam at a maximum 30 Hz repetition
rate is focused onto a rotating metal rod and the ablated material is seeded in a pulsed gas flow
of a noble gas (possibly mixed with a co-reagent) at pressures between 1 and 10 bar. The timing
of the nozzle pulses is often crucial and needed to be adjusted case-by-case.

The sensitivity of the spectrometer is greatly enhanced by a 16-path Herriott-type cell, perpen-
dicular to the jet, inside the vacuum chamber. All the species formed during the laser ablation
process cool down when they enter the cell and expand adiabatically. The low rotational tem-
perature of molecules allows the spectroscopic investigation of their lowest energy levels only.

In this experiment, rotational temperatures can be typically assumed as low as 20 K. A helium-
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Figure 3.3: Schematic representation of SuJeSTA in one of its possible configuration. Cur-
rently, the BWO oscillators are replaced by an active multiplication chain and a laser ablation
system is used instead of the discharge nozzle.

cooled InSb Hot Electron Bolometer was used to record the spectra. The signal is recorded
during a few tens to few hundreds s time window and subsequently processed in a pre-amplifier
before data acquisition. The S/N is improved by averaging the signal at each frequency position
over several laser-shots.
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3.4 Fourier-Transform Infrared Spectrometer

Infrared spectra were recorded in Bologna using a Bomem DA3.002 Fourier-Transform Infrared

Spectrometer (FT-IR). A schematic representation is shown in Figure 3.4.
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Figure 3.4: Scheme of Bomem DA3.002 FT-IR spectrometer at Dipartimento di Chimica In-
dustriale “Toso Montanari” as taken from the user manual.

The radiation sources are several lamps which emit in different frequency ranges: a Hg lamp for
the Far-Infrared region (FIR), a Globar source (silicon carbide bar) in the Mid-Infrared (MIR),
and a quartz halogen lamp at Near-Infrared (NIR) frequencies. Firstly, the output radiation is
focused to an iris (0.5 to 10 mm) and then, through a series of mirrors, it hits a beamsplitter,
which is either made of CaF,, KBr, or Mylar film for best performance in the NIR, MIR,
and FIR, respectively. By this, the radiation is split in two beams. The core of the FT-IR
is a Michelson interferometer. Each beam has a light path of different length (one mirror is
fixed, the other one is movable) and is reflected back toward the beamsplitter where they are
recombined. The interferogram is generated by measuring the signal at different positions of
the movable mirror. The resulting interference pattern is directed to the absorption cell. A
White-type multipass cell, with path-lengths up to 10 m, was commonly used to contain the

sample. The radiation coming out from the absorption cell is focused onto the detector. Several
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systems, thermal (bolometers) and photodetectors, are used to collect the output radiation. The
best sensitivity was obtained by choosing the detector case-by-case, depending on the working

frequency. The various setup configurations are summarized in Figure 3.5.
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Figure 3.5: Possible configurations (sources, beamsplitters, and detectors) of the FT-IR spec-
trometer as illustrated within the user manual.
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3.5 AILES beamline at SOLEIL Synchrotron

Infrared spectra were recorded at the AILES Beamline at SOLEIL Synchrotron. The spectral

1

range goes from the MIR to the FIR domains, with the best performances below 1000 cm™ and

a maximum resolution of 0.00102 cm™".

The AILES Beamline uses a Bruker IFS125HR FT spectrometer which works analogue to the
Bomem spectrometer described in Sec. 3.4. The collected Synchrotron Radiation, brighter than
any other source at FIR frequencies, is extracted by a movable mirror toward the entrance slit of
the interferometer. A wide range of beam splitters and detectors is available to cover the above-
mentioned frequency range. Among them, a silicon fast bolometer (~ 1kHz band-pass) has
been implemented in the beamline. A White-type multipass absorption cell (4—150m) is used
for gaseous samples and can be equipped with a post-discharge set-up for plasma generation.
In the latter configuration, a radio-frequency discharge cell is connected perpendicularly to, and
at the center of, the absorption cell.

The spectrometer is vacuum pumped to a pressure of 10~* mbar by means of a turbomolecular

pump, and the flow in the post-discharge experiment is kept constant by a booster pump.
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4 Case studies

4.1 Imidogen radical

Several isotopologues of imidogen, namely "“NH, '°NH, "“ND, and '°ND, have been thoroughly
studied during the course of my PhD. After explaining the importance of this small diatomic
radical (§4.1.1), the studies are reported one-by-one in detail (§4.1.3—4.1.6). Subsequently, a
multi-isotopologues global analysis is presented (§4.1.7) along with the most relevant results
(§4.1.8).

Part of these studies are reported in two publications:

e L. Bizzocchi, M. Melosso, L. Dore, C. Degli Esposti, F. Tamassia, D. Prudenzano, V. Lat-
tanzi, J. Laas, S. Spezzano, B. Giuliano, C. Endres, and P. Caselli, “Accurate laboratory

measurement of the complete fine structure of the N = 1 — 0 transition of "NH,” Astro-
phys. J., vol. 863, no. 1, p. 3, 2018 [13].

e M. Melosso, L. Bizzocchi, F. Tamassia, C. Degli Esposti, E. Cane, L. Dore, “The rota-
tional spectrum of '"ND. Isotopic-independent Dunham-type analysis of the imidogen
radical,” Phys. Chem. Chem. Phys., vol. 21, no. 7, p. 3564-3573, 2019 [14].

The unpublished results will be collected with data from future experiments and eventually
presented in a paper for The Journal of Molecular Spectroscopy.

Sections §4.1.1, §4.1.2, §4.1.6, §4.1.7, §4.1.8 are a reproduction of Ref. [14], while Section
§4.1.3 is reproduced from Ref. [13].

My contribution to this work can be summarized as follow:
e recording of all the spectra, with the exception of the FIR spectrum of '*ND;

e data analysis, including the fitting procedures of each isotopologue and the Dunham fit;

testing and debugging the pipeline code, which has been written by Dr. L. Bizzocchi;

derivation of the molecular properties presented in §4.1.8, with the aid of Prof. L.Dore

for the Propagation of uncertainties;

e manuscripts writing and editing, including all tables and figures.

4.1.1 Introduction

The imidogen radical NH has been the subject of several spectroscopic, computational and as-
trophysical studies. This simple diatomic radical belongs to the first-row hydrides, is commonly
observed in the combustion products of N-bearing compounds [15, 16], and is also an interme-
diate in the formation process of NHj in the ISM [17]. The main isotopologue of imidogen, NH,
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has been detected in a large-variety of environments, from the Earth atmosphere to astronom-
ical objects, e.g., comets [18], many types of stars [19, 20] including the Sun [21, 22], diffuse
clouds [23], massive star-forming regions [24] and, recently, in prestellar cores [25]. Also its
deuterated form ND has been identified in the ISM, towards the young solar-mass protostar
IRAS16293 [26] and in the prestellar core 16293E [25].

A lot of studies have been devoted to the origin of interstellar NH and different formation mod-
els have been proposed to explain its observed abundances. Two main formation routes have
been devised for the NH radical: from the electronic recombination of NH* and NH,*, interme-
diates in the synthesis of interstellar ammonia starting with N* or, alternatively, via dissociative
recombination of N,H" (see §2.3). However, the mechanism of NH production in the ISM is
still debated [24], and grain-surface processes might also play a significant role [27]. Imidogen,
together with other light hydrides, often appears in the first steps of chemical networks leading
to more complex nitrogen-bearing molecules. Its observation thus provides crucial constraints
for the chemical modeling of astrophysical sources [28]. Also the rare isotopologues of this
radical yield important astrochemical insights. Being proxies for N and D isotopic fractiona-
tion processes, they may help to trace the evolution of gas and dust during the star formation,
thus shedding light on the link between Solar System materials and the parent ISM [29]. This
is particularly relevant for nitrogen, whose molecular isotopic compositions exhibits large and
still unexplained variations [30, 31]. Measuring the isotopic ratios in imidogen provides use-
ful complementary information on the already measured D/H and “N/!°N ratios in ammonia
(including the '’NH,D species [32]).

As far as the laboratory work is concerned, there is a substantial amount of spectroscopic data
for the most abundant species and less extensive measurements for '’NH and ND. A detailed
description of the spectroscopic studies of imidogen can be found in the latest experimental
works on NH [33], ’NH [13], and ND [34]. It has to be noticed that no experimental data
or theoretical computations were available in literature for the doubly substituted species '"ND
before this work.

In this thesis, I report:

e the observation of the complete N = 1 « 0 transition of ’NH in both the ground and
v = 1 states around 0.9 THz;

e new transition frequencies for the isotopologues NH and ND in their v = 1 excited state;

e new high-N transition of ND in its ground vibrational state recorded with a synchrotron-
based FTIR spectrometer;

e the first study of the pure rotational spectrum of '°ND in its ground electronic state X 3%~
recorded up to 1.068 THz;

These new sets of data, together with the literature data for NH, SNH and ND, have been

analysed in a global multi-isotopologue fit to give a comprehensive set of isotopically inde-
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pendent spectroscopic parameters. Thanks to the high precision of the measurements, several
Born—-Oppenheimer Breakdown (BOB) constants (A;,,) could be determined from a Dunham-
type analysis [35]. The alternative Dunham approach proposed by [36] has been also employed.
In this case, the results are expressed in terms of the parent species coeflicients Y, plus some

isotopically dependent BOB constants (6;,,).

Finally, very accurate equilibrium bond distances r, (including the Born—Oppenheimer bond
distance r29) and Zero-Point Energies (ZPE) for each isotopologue have been computed from
the determined spectroscopic parameters. This set of constants can be also used to compile line

catalogs for astronomical searches of imidogen.

4.1.2 Theory

Imidogen is a diatomic free radical with a X3X~ ground electronic state. It exhibits a fine
structure due to the dipole—dipole interaction of the two unpaired electron spins and to the

magnetic coupling of the molecular rotation with the total electron spin.

The coupling schemes of the various angular momenta in NH are well described by Hund’s case
(b) [37]:
J=N+S, @.1)

where J is the total angular momentum excluding nuclear spins, N represents the end-over-
end rotational angular momentum and S is the electronic spin angular momentum. Each fine-
structure level is labeled by the quantum numbers J and N, withJ = N+ 1, N,N—-1. For N = 0,
only the J = 1 component exists. Inclusion of nitrogen and hydrogen hyperfine interactions
leads to further couplings:

F,=J+1Iy, F=F +1. (42)

For a given ro-vibrational state, the effective Hamiltonian can be written as:

H = jﬁv + %s + Jqﬁlfs (43)

where J7;,, 7 and s are the ro-vibrational, fine- and hyperfine-structure Hamiltonians,

respectively:

0y =G, + BN*—D,N*+ HN® + ... (4.4)
H, = % (4 + AN +..) (382 = 8?) + (v, + ymN* + .. )N - S (4.5)
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(4.6)

Here, G, is the energy of a vibrational state v, B, the rotational constant, D, and H,, the cen-
trifugal distortion parameters up to the third power in the N? expansion, A, and Ay, are the
electron spin—spin interaction parameter and its centrifugal distortion coefficient; y,, and yy,
are the electron spin—rotation constant and its centrifugal distortion coefficient, respectively. S
is the electron spin operator and S, one of its component, whereas I is the nuclear spin operator
for the i-th nucleus and I;; its z component. The constants br, and c, are the isotropic (Fermi
contact interaction) and anisotropic parts of the electron spin—nuclear spin coupling, eQg, rep-
resents the electric quadrupole interaction and Cj, is the nuclear spin—rotation parameter. In
Eq. (4.6) the index i runs over the different nuclei present in a given isotopologue. The four
nuclear spins are: I = 1/2 for H and N and 7 = 1 for D and '“N.

For diatomic species only, ro-vibrational data of all isotopologues can be treated together in a
global analysis. In such a sense, it is advantageous to use a Dunham-type expansion [35]. The

ro-vibrational energy levels are given by the equation:

En(N) = > Y (v+ 1) INGV + D" @.7)

Im

The fine- and hyperfine-structure parameters [i.e., Ay, Any, Vs VYNvs Py, Cv, €0q,, and Cj,, in
Egs. (4.5)—(4.6)], are given by similar expansions:

Y0 N) = 3 97 (v+ 1) INGV + 1", (4.8)
l,m

where y(v, N) represents the effective value of the parameter y in the ro-vibrational level (v, N),
and 9j,, are the coefficients of its Dunham-type expansion. The spectroscopic constants intro-
duced earlier [Egs. (4.4)—(4.6)] can be expressed in terms of the Dunham coefficients Y}, and
%m- For instance, the constants G, and B, of the ro-vibrational Hamiltonian are given by:

G, Z Yio (v
B, = Z Yy (v+
=0

Each fine and hyperfine constant is also expressed by appropriate expansions; e.g., the electron

(4.9a)

l\)l'—‘
-

)l . (4.9b)

0| —

spin-rotation constant and its centrifugal dependence can be expressed as:
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yo= > yo(vei) (4.102)

yw= Dy (vei) (4.10b)

where o and y;; are the 9}, constants of Eq. 4.8 relative to the spin-rotation interaction. For
a given isotopologue «, a specific set of Dunham constants Yl(,:) and 9/1,(:1’) is defined. Every
constant can be described in terms of isotopically invariant parameters, using the reduced-mass

dependences given by Refs. [38, 39]:

AN AH
Yl(:rll) — Umﬂg(l/2+m) 1 +m, (% + 1('2) )] , (4.11a)
MN MH
Ay N A) H
9,(@ Ulymﬂ;a/zmw) [1 + me[ lz; S+ 1'(“; )] , (4.11b)
MN MH

where M§’) (with X = N, H) are the atomic masses, y, is the reduced mass of the a isotopologue,
and m, is the electron mass. U, and Ul’m are isotopically invariant Dunham constants, while
AY and AZ%X are unitless coefficients which account for the Born—-Oppenheimer Breakdown
[40, 39]. In Eq. (4.11b), p = O fory = A,bp,c,eQq, while p = 1 for y = y,C;. Note that
this extra u~! factor in the mass scaling is needed to account for the intrinsic N*> dependence
of the spin—rotation constants [41]. Here, the unknowns are the U, Ulym coeflicients and the
corresponding A and AZ;X BOB corrections. An alternative approach has been proposed by
LeRoy [36], where one isotopologue (usually the most abundant one) is chosen as reference
species (o = 1), and the Dunham parameters Y, Z(Z) and Qfl;f) of any other species are obtained by
the following mass scaling

AM. AM, (1/2+m)
Y@ = [Y“) N e M“ ) , (4.12a)
m M M((Y) M
AM AM, (1/24+m+p)
o _ [9,0) A gy Al (ﬂ) | (4.12b)
@ @ \Me
N H

Here, AMx = Mg’) - Mg) are the mass differences produced by the isotopic substitution, with

respect to the reference species, and the BOB corrections are described by the new 65}; and 6ly’X

coefficients. These are related to the dimensionless AX of Egs. 4.11 through the simple relation

X XM(I) M, N, H)!
AR, = 0= (Y3 + 0h, + o) (4.13)
m

e
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Although formally equivalent, this latter parametrisation was introduced to overcome a number
of deficiencies of the traditional treatment which were pointed out by Watson [39] and Tiemann
[42], and its features are discussed in great detail in the original paper [36]. An obvious advan-
tage of the alternative mass scaling of Eqs. (4.12) is that the fitted coefficients are all expressed
in frequency units and are directly linked to the familiar spectroscopic parameters of the refer-
ence isotopologue (e.g., ¥ f(l)) X W, Yéé) X —W,X,, Y(()i) ~ B,, Yﬁ) ~ —a,, etc.). Furthermore, the
BOB contributions are accounted for using purely addictive terms thus reducing the correlations

among the parameters.

413 “NH

The rotational spectrum of >NH was observed in absorption using the CASAC spectrometer
described in §3.2. The '"NH radical was produced in the positive column of a DC glow dis-
charge by flowing a mixture of 3 mTorr (0.4 Pa) of '°N,, 3 mTorr of H, and 25 mTorr (3.3 Pa)
of Ar. The cell was cooled at 90—100 K by liquid nitrogen circulation. The optimal conditions,
expressing a balance between the signal strength and the discharge-generated noise, were ob-
tained by setting a current of 70 mA and an applied voltage of 1.1kV.

Prior to this thesis, Bailleux et al. [43] recorded the FIR spectrum of SNH at the SOLEIL
synchrotron in the 65-225 cm™! range, measuring a sequence of fine-structure triplets up to the
rotational N = 7 « 6 transition. That study was complemented with the recording of the lower
fine-structure component of the fundamental N = 1 « 0 line at 942 GHz using a submillimeter
spectrometer. The same authors provided predicted rest frequencies for the two fine-structure
components (including the strongest J = 2 « 1) which could not be observed because they fall
outside the spectral coverage of their spectrometer. It should be noted that THz measurements
performed with harmonic multiplication of a synthesized radiation sources are at least a factor
of 100 more precise than those obtained with a Fourier-transform infrared spectrometer. Hence,
a direct measurement of all the J components of the N = 1 « 0 line was desirable if one aims
to use these data to guide sensitive astronomical observations.

To this respect, we studied the complete N = 1 « 0 rotational transition of '’NH. An overview
of its fine and hyperfine pattern is shown in Figure 4.1: each group of F", F’ « F, F hyperfine
components is spread over ~150 MHz, and the strongest lines are those with AF = AF; = AJ.
The full width at half maximum (FWHM) of the observed lines is about 2.5 MHz, because of
the sizable Doppler broadening in this spectral range (~1.8 MHz at 100 K). Thus, care had to be
adopted in retrieving accurate values of the corresponding central frequencies. We have mod-
eled the recorded absorption profiles using the proFFiT line analysis code [44] adopting a FM
Voigt profile function, and taking into account the full complex representation of the Fourier-
transformed dipole correlation function. The imaginary dispersion term accounts for the line
asymmetry produced by the spectral background and helps in obtaining a cleaner determina-

tion of the central frequency. In total, 26 line positions have been accurately determined with
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Figure 4.1: Fine and hyperfine structure of the N = 1 « 0 rotational transition of "NH in its
ground vibrational state. Lower plot: Schematic representation of the fine-structure splitting.
Upper plot: recordings of the J = 0 «~ 1, J = 2 « 1,and J = 1 « 1 fine-structure
components. The blue traces are the experimental spectra recorded with time constant RC =
3 ms and accumulation times of ca. 350 s. In both plots, the red bars indicate the line positions
and the relative intensities computed from the best-fit parameters of Table 4.2.

this method: they include 22 newly measured frequencies and the re-measurement of four data
previously reported in Ref. [43]. An example of the results obtained using proFFiT is pre-
sented in Figure 4.2, which shows the four strongest transitions of the J = 2 « 1 fine-structure
component.

The content of the improved data set for '’NH is illustrated in Table 4.1. In the third column
the present measurements are listed, whereas the last column reports the Table 2 of Ref. [43]
for comparison. For the / = 0 « 1 lines, the discrepancies between the present and the
older measurements are well within the estimated experimental uncertainties, with a maximum
deviation of 64 kHz. Larger discrepancies were observed forthe / =2 < land J =1 « 1
fine structure groups, whose components deviate from the predicted positions by ~0.4 MHz and
~2.5 MHz, respectively.

In the present experiment we were also able to record 16 lines belonging to the N = 1 « 0
transition on '°’NH in its v = 1 state. This vibrationally excited level is located at an energy of
ca. 3200cm™! above the ground state (~4600 K) but it is appreciably populated even at 100 K

because the plasma employed to produce the species is vibrationally hot [34]. The observation
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BNH, N=1+0, J=2+1
F,F=253«152

P, F=252«151 L, F=152+05,1
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— experimental
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— residuals
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Figure 4.2: Recording (blue trace) of a portion of the J = 2 « 1 fine-structure transition
of P"NH showing the four strongest components F, F = 5/2,2 « 3/2,1, 5/2,3 « 3/2,3,
3/2,1 <« 1/2,0, and 3/2,2 < 1/2,1. Integration time: 54s; RC = 3 ms; scanning rate:
0.3 MHz/s; modulation depth: 1 MHz. The red dotted trace plots the modeled spectrum com-
puted with proFFit using a modulated Voigt profile (see text). The green trace plots the differ-
ence between the observed and calculated spectrum.

of spectral features belonging to the v = 1 state implies that collisions in the low-pressure
plasma employed in the present experiment to produce ""NH are efficient enough to populate
the bottom part of its vibrational ladder. The vibrational temperature of the plasma can be
roughly estimated by comparing the intensity of the strongest J, F, F = 2,5/2,3 « 1,3/2,2
hyperfine component recorded for both the ground and v = 1 states under the same experimental
conditions. The intensity ratio was found to be ~ 1/40. Using the harmonic wavenumber
of the N—H stretch reported by [45] for “NH (w = 3282.7cm™!) and assuming Boltzmann

populations one can estimate a vibrational temperature of T, ~ 1270 K.

The spectral analysis was performed considering the complete rotational data set available for
SNH which comprises our new measurements and the data reported in [43]. The different
precision was taken into account by assigning to each i-th entry a weight (w;) inversely propor-
tional to the square of its estimated measurement uncertainty (o), w; = 1/ 0'1.2. For the present
spectra, 35 kHz was adopted as the average measurement error. This was estimated by repeated
profile analyses with proFFiT using different set of fitting parameters and background subtrac-

tion techniques. For the literature FIR data taken at SOLEIL we retained the original value of
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Table 4.1: Measured transition frequencies® (MHz), least-squares residuals, and previously
reported line positions for the N = 1 « 0 transitions of '>’NH in the ground vibrational state.

J—J F,F «F,F This work Fit o.—c. Ref. [43]

0«1 1/2,1 «<1/2, 0 942037.007(35) —0.001 942036.954(100)

1/2,1 «3/2, 942070.538(35)° 0.017¢  942070.537(100)°
1/2,0 «3/2, 942070.538(35)° 0.017°  942070.537(100)°
1/2,1 «1/2, 942143.526(35)° 0.008°  942143.471(100)°
1/2,0 «1/2, 942143.526(35)° 0.008°  942143.471(100)°
1/2,1 «3/2, 942176.869(35)  —0.024 942176.923(100)
2«1 5/2,2 «3)2, 970147.498(35) 0.030 970147.73(50)¢
5/2,3 «3/2, 970152.248(35)  —0.052 970152.62(50)¢
3/2,1 «1/2, 970159.678(35) 0.023 970159.93(50)¢
3/2,2 «1/2, 970164.444(35)  —-0.042 970164.82(50)¢
3/2,1 «3/2, 970193.161(35) 0.019 970193.48(50)¢
3/2,2 «3/2, 970197.939(35)  -0.036 970198.36(50)¢
5/2,2 «1/2, 970220.406(35) 0.030
5/2,2 «3/2, 970253.877(35) 0.012 970254.16(50)¢

<1 1/2,1 «1/2, 995536.733(35)  -0.010 995534.36(90)¢

3/2,1 «1/2, 995567.838(35)  —0.002 995565.57(90)¢
1/2,1 «3/2, 995570.177(35)  —0.054

1/2,0 < 3/2, 995574.075(35) 0.054 995571.81(90)¢
3/2,2 «3/2, 995597.456(35) 0.039 995595.05(90)¢
3/2,1 «3/2, 995601.361(35) 0.016 995599.11(90)¢
1/2,1 «1/2, 995643.101(35)  —0.038 995640.79(90)¢
1/2,0 « 1/2, 995646.957(35) 0.027 995644.70(90)¢
3/2,2 «1/2, 995670.300(35)  -0.025 995667.94(90)¢
3/2,1 «1/2, 995674.240(35) —-0.014 995671.99(90)¢

1/2,1 «3/2,
3/2,2 «3/2,
1/2,1 «3/2,

995676.663(35) 0.034 995674.33(90)¢
995703.824(35) 0.010 995701.48(90)¢

1
1
1
1
2
1
2
0
1
1
2
1
2
3/2,1 «<1/2, 1 970266.067(35) 0.016 970266.36(50)¢
0
0
1
1
1
1
1
1
1
1
2
2
2 995707.720(35)  -0.023 995705.54(90)¢

[a] Numbers in parentheses are the estimated experimental accuracy in units
of the last quoted digit. [b] Blended transitions. [¢] Deviation computed from
the weighted-average frequency of the blend. [d] Predicted frequency and 1o
estimated error.

1 x 107*cm™' (3 MHz). The transition frequencies were fitted to the Hamiltonian parameters
described by Eqgs. (4.3)—(4.6) using the SPFIT analysis program [46]. Eleven spectroscopic
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parameters were determined for the ground vibrational state and they include: the rotational

and centrifugal distortion constants, B, D, H; the spin—spin interaction coeflicient A; the spin—

rotation constant y together with its N? centrifugal correction yy; the full set of electron spin—

nuclear spin interaction constants for 5N and H (bp, ¢); and the nuclear rotation—nuclear spin

coupling coefficient for nitrogen (C;). Not all these Hamiltonian coefficients could be adjusted

for the v = 1 state because the set of detected hyperfine components is smaller. Suitable con-

straints had to be adopted for the indeterminable spectroscopic parameters. They were obtained

from the corresponding ground state values corrected for the v = 0 < 1 vibrational dependence,

as estimated from '“NH literature data [47]. The two sets of constants for the v = 0 and v = 1

states are reported in Table 4.2, where previous results [43] are also shown for comparison.

Table 4.2: Spectroscopic parameters derived for "NH

This work Ref. [43]
Constant Atom Units v=0 v=1 v=0
B MHz 487799.053(11) 468536.3401(51)  487798.75(15)
D MHz 50.5977(52) 49.9514% 50.591(6)
H kHz 3.657(77) 3.488* 3.61(6)
L Hz -0.4035° -0.4020? -0.4035°
A MHz 27577.650(10) 27564.616(18) 27576.15(63)
0% MHz —1637.235(22) —1551.167(10) —1636.53(36)
07 MHz 0.443(11) 0.4022 0.4389¢
br (H MHz —66.074(10) —69.876(15) —66.085(29)
c (H MHz 90.546(44) 87.065(53) 90.285¢
br ("N) MHz -26.416(13) —25.554(19) -26.462(35)
c ("N) MHz 05.283(44) 94.613(54) 95.331¢
C ("N) MHz -0.211(21) -0.129(24) -0.223¢
no. of lines 43 16 21
MW rms 0.034
FIR rms 1.199
oy 0.835

Number in parenthesis are one standard deviation in units of the last quoted digit.
[a] Constrained. See text. [b] Fixed at the value reported for "“NH [47]. [c] Fixed in the
analysis.

The spectroscopic constants determined in the present thesis are consistent with the ones pre-
viously reported in [43], but their precision has been improved substantially. The rotational

parameters B and the spin—-rotation constant v have had their standard uncertainty reduced by
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one order of magnitude, and a major improvement was also achieved for the spin—spin interac-
tion parameter A. New determinations of the dipolar spin—spin hyperfine coefficients ¢ for both
H and >N were also obtained. In the previous work, these parameters were not adjusted: c(H)
was fixed at the value of the parent *NH species, whereas ¢('’N) was constrained to a value
obtained from the '*NH datum multiplied by the '"'N/'*N nuclear gyromagnetic ratio [43]. Our
results are in good agreement with these figures with discrepancies not exceeding 0.5%. We
have also determined the small nuclear spin—rotation constant C; for >N to a precision of 10%,
and its experimental value compares well with the one derived from the main isotopologue
using the same scaling relation described above.

From the fit of the v = 1 lines, we have derived B, D, 4, y, the Fermi contact (br) and dipolar
spin—spin (c) hyperfine constants for both nuclei. The observed difference of these coeflicients
with respect to the corresponding ground state (v = 0) values are within the range expected for
a regular vibrational dependence: ~ 5% for the hyperfine constants, > 0.1% for the spin—spin

constant A, and 3-6% for the rotational constant B and for the spin-rotation constant y.

414 “NH
Following the study of the 'N-rare isotopologue of imidogen, we decided to investigate the
rotational spectrum of the parent species '*NH in its vibrational excited state v = 1. This study

was motivated by different reasons:

e previous studies have demonstrated that the plasma in which imidogen is produced is

vibrationally hot;

e no pure rotational transitions of NH in the v = 1 state were ever recorded with “microwave-

accuracy’’;

o the knowledge of as many ro-vibrational energy levels as possible, for different isotopo-
logues, is essential to perform a high-quality Dunham analysis

Despite the large amount of spectroscopic studies devoted to NH [48, 33, 47, 49], only a few
number of rotation lines in the v = 1 state is known from solar observations [22]. Thanks to
the Atmospheric Trace Molecule Spectroscopy (ATMOS) FT spectrometer onboard Spacelab
3, Geller et al. [22] recorded the infrared solar spectrum from which ca. 50 pure rotation lines
of NH in the v = 0, 1 states were detected. Albeit the vibrational excited lines could be easily
assigned, no laboratory study has ever been reported.

We therefore recorded and analyzed the full N = 1 « O transition of NH in the v = 1 state. The
rotational spectrum of '*NH was observed in absorption using the CASAC spectrometer at MPE
(§3.2), in the same configuration described for SNH (§4.1.3). The NH radical was produced in
the positive column of a DC glow discharge by flowing a mixture of N,, H,, and Ar in the ratio
1:1:8. The optimal yield of NH was attained at the same temperature (~100 K) and discharge

conditions (70 mA current and 1.1 kV tension) used for "NH.
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A number of 19 distinct transition frequencies, belonging to the three fine-structure components
(J«<J=01,2 1,1 « 1), were recorded. They are listed in Table 4.3.

Table 4.3: Measured transition frequencies® and least-squares residuals for the N = 1 < 0
transitions of NH in the vibrational state v = 1.

J «J F|,F < F,F Frequency’ Obs.—calc. Rel. weight

01 1,3/2 «< 2,52 907550.511 0.052

1,12 « 1,32 907582.673° -0.052¢ 0.4462

1,3/2 « 1,32 907582.673° -0.052°¢ 0.5538
2«1 2,3/2 « 2,3/2 935746.341 -0.027

2,5/2 «2,5/2 935748.854 -0.078

1,3/2 « 1, 3/2 935754.744 -0.031

1, 1/2 « 1, 1/2 935759.729 0.024

1,3/2 «0,1/2 935772.582 0.068

2,5/2 «1,3/2 935781.284 0.017

2,32 «1,1/2 935784.177 -0.013

3,72 « 2,52 935788.620° 0.040¢ 0.6065

3,5/2 « 2,3/2 935788.620° 0.040° 0.3935
l<1 2,3/2 «2,3/2 961013.262 -0.000

2,5/2 «2,5/2 961106.909 -0.038

1,3/2 « 2,52 961135.859 0.013

2,5/2 «1,3/2 961139.385 0.103

2,3/2 «1,3/2 961146.149 -0.032

1,32 «1,3/2 961168.195 0.015

0, 1/2 « 1, 3/2 961183.247 0.084

1,3/2 «<0,1/2 961185.844 -0.073

1,1/2 «< 0, 1/2 961188.308 -0.071

Units are MHz. [a] The experimental accuracy is estimated to be
60 kHz. [b] Blended transitions. [¢] Deviation computed from the
weighted-average frequency of the blend.

The newly observed transitions together with the solar infrared data [22] have been fitted to the
Hamiltonian of Eqs. 4.3—4.6. All these data could be analyzed within their expected uncertainty
and 13 parameters have been determined experimentally, without any assumption. Among the
set of data, the high N transitions detected through solar observations were helpful to constrain
the value of centrifugal distortion terms (D and H), whilst our measurements give important
information about the fine and hyperfine structure of the energy levels. The spectroscopic con-
stants derived from the least-square procedures are listed in Table 4.4.
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Table 4.4: Spectroscopic constants determined for NH in the v = 1 vibrational state.

Constant Atom v=1

B 470566.45(11)
D —50.092(57)
Hx10? 2.889(71)
A 110259.32(10)
Yy —1557.79(36)
YN 0.40(18)
br (N) 18.235(18)
c (N) —67.433(71)
C, (N) 0.154(29)
eQq (N) -3.72(22)
br (H) —69.837(65)
c (H) 87.33(15)
C; (H) -0.121(42)
o 0.95

MW rms 0.052
FIR rms /cm™! 0.005

no. of lines 25

All units are MHz except the
dimensionless fit standard deviation o
Number in parenthesis are one standard
deviation in units of the last quoted digit.

4.1.5 “ND

Albeit ND is not the most abundant isotopologue, it was perhaps the most studied in laboratory.
The replacement of an hydrogen atom with deuterium, indeed, has the effect of nearly halve the
rotational constant B of a diatomic species. In the particular case of imidogen, By passes from
489959.056(5) MHz in NH to 263265.494(5) MHz in ND. This made possible the laboratory
study of the deuterated form ND much earlier than its parent species NH. As a matter of fact, the
lowest rotational transition of NH falls between 946 and 1000 GHz, a frequency region which
was hardly accessible before the 80’s. Contrarily, the N = 1 « O transition of ND is located
around 522 GHz. For these reasons, the amount of data available for ND is as large as that for
the parent NH.

The rotational spectrum of the ND radical has been recorded for the first time by Saito &
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Figure 4.3: Some rotational transitions of ND as observed in the FIR spectrum. Each panel
is 0.2 cm™!' width; the spectra are centered at 87.58 (top), 104.95 (middle), and 139.5 cm™!
(bottom).
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Goto [50]. They observed the whole fine and hyperfine structure of the fundamental transition
N =1 « 0. Later, Takano et al. [51] reported the next transition N = 2 « 1 (above the THz)
thus enabling a centrifugal analysis and prediction of the spectrum at even higher frequencies.
As far as the vibrational excited levels are concerned, the first six states (from v = 1 tov = 6)
have been investigated by Ram & Bernath [52] thanks to the observation of several vibration-
rotation bands with a FT-IR spectrometer, but only the fine structure could be resolved for low
N transitions. Lastly, Dore et al. [34] reported the measurements of a number of fine-structure
components of the N = 1 « 0 rotational transition of ND in some vibrational excited states (up
to v = 6). In that work, most of the hyperfine structure could be resolved.

With the aim of improve the quality of the Dunham analysis discussed in § 4.1.7, a new set of

data for "'ND was measured. The data set was improved in two ways:

e with the extension toward FIR frequencies the study of the rotational spectrum of ND in

its ground vibrational state to probe high N quantum number levels;

e by recording the N = 2 « 1 transition of the first excited state v = 1 with “microwave-

accuracy’’;

Since they provide additional information about high J transitions, they contributed signifi-
cantly to a better determination of the higher order centrifugal distortion terms.

The FIR spectrum of ND was recorded at the French synchrotron facility SOLEIL using the
Bruker FT spectrometer described in §3.5 with the bright synchrotron radiation extracted by the
AILES beamline. The spectrum was obtained by the co-adding several tens of scan and recorded
in the 50-250 cm™! range at the maximum instrumental resolution of R = 0.00102cm™!. A 6 um
Mylar beamsplitter and a 4.2 K liquid helium cooled bolometer were used. The ND radical was
produced using a post-discharge set-up, already employed to produce the parent NH radicals
[53] as well as its °N isotopic variants [43]. In the present case, a 2.5m long White-type
cell allowing 150 m of absorption path length was used. The ND radical was produced by a
1000 W radiofrequency discharge of NDj at the pressure of 30 ubar. In the investigated fre-
quency region, it was possible to identify and measure with a discrete S/N (between 4 and 10,
see Figure 4.3) the three strongest fine-components (AF = +1) of seven rotational transitions
N’ « N, with N from 3 to 10. They are summarized in Table 4.5.

On the other hand, the N = 2 « 1 transition of ND in its first excited state v = 1 was ob-
served with the Bologna submillimeter spectrometer (§3.1). The ND radical has been produced
analogously to NH (§4.1.4), but using NDj; instead of normal ammonia. In this case, only few
transitions (listed in Table 4.6) could be observed with a decent S/N.

Nonetheless, the newly measured transitions have been helpful to improve the centrifugal anal-
ysis of ND in both the ground and v = 1 states (Table 4.7).
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Table 4.5: Measured transition frequencies® and least-squares residuals for transitions of ND

in the ground vibrational state.

N «N J «J Frequency Obs.—Calc.
43 5«4 70.081026 0.000033
43 70.127714 —-0.000141
32 70.206887 —-0.000228
54 65 87.530909 0.000052
54 87.572266 0.000096
43 87.628934 —0.000111
65 7«6 104.920313 0.000020
65 104.958221 0.000019
54 105.004906 0.000060
T—6 8«7 122.238925 0.000104
65 122.315514 0.000014
87 9«38 139.475571 0.000067
87 139.509544 0.000051
7«6 139.547121 0.000025
9«8 10«9 156.619192 —0.000081
9«38 156.652067 0.000061
8«7 156.687324 0.000039
109 11 « 10 173.658874 —-0.000183
10 <9 173.690881 0.000105
1110 12 « 11 190.583853 —0.000002

Measured frequencies and residuals are expressed in
cm™!. [a] The experimental accuracy is estimated to
be 0.00008 cm™.

4.1.6 “ND

The rotational spectrum of '’ND radical in its ground vibronic state X>~~ has been recorded with
the frequency-modulation millimeter-/submillimeter-wave spectrometer in Bologna (Sec. 3.1).
The '°ND radical was optimally produced in a DC discharge of a mixture of N, (5-7 mTorr)
and D, (1-2 mTorr) in Ar as buffer gas (15 mTorr). Typically, a voltage of 1kV and a current of
60 mA were employed. The absorption cell was cooled down at ca. —190°C by liquid-nitrogen
circulation. The experimental uncertainties of present measurements are between 40 and 80 kHz
in most cases, up to 500 kHz for a few disturbed lines.

The spectrum of "ND had initially been predicted by exploiting the Dunham’s relationships
introduced in Section 4.1.2 and the available spectroscopic parameters of '“NH, 'NH, and

YND. The first fine-structure transitions showed a deviation from prediction of less than 1 GHz.
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Table 4.6: Measured transition frequencies* (MHz) and least-squares residuals forthe N = 2 «
1 transitions of ND in the first vibrational excited state.

J «J F,F < F,F Obs. Frequency Obs.—Calc. Rel. weight

3«2 2,11, O 1019936.310° 0.017¢ 0.1245
2,21, 1 1019936.310° 0.017¢ 0.2779
2,31, 2 1019936.310° 0.017¢ 0.5064
2,1 <1, 1 1019936.310° 0.017¢ 0.0913

2«1 3,22, 1 1022267.470° -0.017¢ 0.2167
3,3 <2, 2 1022267.470° -0.017¢ 0.3209
3,4 <2, 3 1022267.470° -0.017°¢ 0.4623
4,4 <3, 3 1022267.470° 0.000¢ 0.2847
4,5 <3, 4 1022281.762° 0.000¢ 0.3760
3,22, 1 1022281.762° 0.000¢ 0.1229
4,3 <3, 2 1022281.762° 0.000¢ 0.2165

[a] The experimental accuracy is estimated to be 50 kHz. [b] Blended
transitions. [¢] Deviation computed from the weighted-average
frequency of the blend.

After the first measurements, a refined prediction was used to search for all the transitions which
fall in our spectral coverage.

For the previously unobserved '°ND species, we have recorded 34 lines for the ground vibra-
tional state and 9 lines for the v = 1 state. They include the complete fine-structure of the
N =1 « O transition and the strongest fine-components of the N = 2 « 1 transition for the
ground state (see Figure 4.4), and the AJ = 0, +1 components of the N = 1 « 0 transition for
the v = 1 state.

The corresponding transition frequencies were fitted to the Hamiltonian of Eqgs. (4.3)—(4.6) us-
ing the SPFIT analysis program [46]. Because of the small number of transitions detected for
the v = 1 state, some of the spectroscopic parameters for this state could not be directly deter-
mined in the least-squares fit and were constrained to the corresponding ground state values.
The two sets of constants for v = 0 and v = 1 states are reported in Table 4.8.

4.1.7 Dunham analysis

In this thesis, I carried out a multi-isotopologue Dunham fit of the imidogen radical in its X%
ground electronic state using the new transition frequencies for the doubly substituted '"ND
variant plus all the available rotational and ro-vibrational data for the '*NH, '"NH and '*ND
species (including those newly measured). To take into account the different experimental pre-
cision, each datum was given a weight inversely proportional to the square of its estimated mea-

surement error, w; = 1/ 01.2. The o values adopted for our measurements have been discussed in
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Table 4.7: Spectroscopic constants determined for *ND in the ground and v = 1 vibrational
states.

Constant Atom v=0 v=1

B, 263265.4927(39) 255685.2408(57)
D, 14.63397(78) 14.4830(24)
H,x10° 0.5766(57) 0.5766*

A, 110180.708(24) 110168.221(33)
Yy —883.4663(65) —849.630(21)
YNy 0.1316(19) 0.121(10)
br, (D) —10.0729(44) —10.5245(59)
c, (D) 14.096(28) 13.691(36)
eQq, (D) 0.214(92) 0.214%

br, (N) 18.9296(37) 18.5208(52)
cy (N) —-67.806(21) —67.637(20)
eQq, (N) —4.866(57) —-4.489(51)
Cry (N) 0.0986(76) 0.0704(46)
o 1.17

rms 0.098

no. of lines 125

All units are MHz except for the dimensionless standard
deviation . Number in parenthesis are one standard
deviation in units of the last quoted digit. [a] Parameter
held fixed to ground state value.

Sections 4.1.3—4.1.6, while for literature data we retained the values provided in each original
work. The content of the data set and the relevant bibliographic references are summarized in
Table 4.9.

In total, the data set contains 1583 ro-vibrational transitions which correspond to 1221 distinct
frequencies. These data were fitted to the multi-isotopologue model described in Sec 4.1.2,
using both traditional [Egs. (4.11)] and LeRoy [Egs. (4.12)] mass scaling schemes to describe
the Dunham-type parameters (Y}, and 9,,) of each isotopic species.

The analysis was performed using a custom PYTHON code which uses the SPFIT program [46]
as computational core. Briefly, the scripting routine reads the atomic masses, the spin multiplic-
ities, and the Y}, constants for the reference species. Then, the SPFIT parameter file (.PAR) is
set up by defining several sets of spectroscopic constants (one for each isotopologue/vibrational
state), taking into account the mass scaling factors. The SPFIT lines file (.LIN) is created by

38



________ J=2
522 — N=2 — i - A_A =3
A A J=1
£
° a)| b)| c) d)
> ~
o
o)
e
L
...... J=1
174 — N=1 — ::: I J=2
h J=0
00— N=0 ——— e J=1
a) b)
1063.490 1063.520 1041.480 1041.530
c) d)
‘ I ‘ ‘ I ‘
1043.845 1043.905 1067.965 1067.995

Figure 4.4: Upper panel: energy levels scheme of ’ND in the ground vibrational state. The
hyperfine-structure is not shown. The arrows mark the transitions observed in this study:
AJ = +1 (red), AJ = 0 (blue), and AJ = —1 (green). Lower panel: spectral recordings for
the transitions marked with the labels a, b, ¢ and d showing the corresponding hyperfine struc-
ture. The brown sticks represent the positions and the intensities of the hyperfine components
computed from the spectroscopic parameters of Table 4.8. The frequency range of each spec-
trum is reported on the x axes (units are GHz).
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Table 4.8: Spectroscopic constants determined for >’ND in the ground and v = 1 vibrational

states.

Constant Atom v=0 v=1

B, 261083.4809(96) 253597.797(24)
D, 14.3906(13) 14.3906*
A, 27544.852(22) 27544.852%

Yy —876.139(15) —841.674(46)
Yy 0.1241(20) 0.12417
br, (PN) -26.519(20) —25.944(41)
Cy (PN) 95.154(56) 94.48(30)
Cr, (PN) -0.124(14) -0.1242
br, (D) —10.062(21) -10.524(42)
Cy (D) 14.236(78) 13.18(22)
eQq, (D) 0.271(93) 0.271*

o 0.84

rms 0.080

no. of lines 34 9

All units are MHz. Number in parenthesis are one standard
deviation in units of the last quoted digit. [a] Parameter
held fixed to ground state value.

Table 4.9: Summary of the data used for the multi-isotopologue fit of imidogen

Pure rotational

Ro-vibrational

Lines Vib. states Refs. Lines Bands Refs.
NH 96 2 [49], [47], TT 451 6 [48],[22], [33]
ND 164 5 [50], [51], [34], TT 406 6 [52]
BNH 61 2 [43], TT - -
BND 43 2 This thesis (TT) - -

collecting the experimental data. In this process, half integer quantum numbers are rounded

up and a “quantum number state” is assigned to each isotopologue in a given vibrational state,

in conformity with the SPFIT format. At the end of the least-squares optimization, the SPFIT

output is post-processed, and the final parameters list is reformatted in the same fashion of the

initial input data set. The atomic masses used were taken from the Wang et al. [54] compilation.

The optimized parameters are reported in Tables 4.10—4.12.
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Table 4.10: Ro-vibrational Dunham Y, constants and isotopically invariant U, parameters
determined in the multi-isotopologue fit for imidogen radical

Ylm Ulm

[  m units value units value
1 0 /cm™! 3282.3630(39) cm~' ul/?  3184.2023(35)
2 0 /cm! —78.6809(47) cm~lu —73.9830(43)
3 0 /cm™! 0.2222(25) cm~! ud/? 0.2026(23)
4 0 /em'! —0.02949(68) cm™! u? -0.02607(60)
5 0 /cm™! —0.000268(88) cm™! v/? —-0.000229(76)
6 0 /cm! —0.0001390(45) ecm™ w2 —0.0001155(37)
0 1 /MHz 499690.494(83) cm™' u 15.7043686(37)
1 1 /MHz -19494.28(34) cm™' u¥? —0.593913(10)
2 1 /MHz 67.04(48) cm~! u? 0.001977(14)
3 1 /MHz —-7.61(31) cm™! v/? —-2.178(87) x 10~
4 1 /MHz —1.600(94) cm™! u? —-4.43(26) x 107
5 1 /MHz 0.133(14) cm™! u’/? 3.56(37) x 107°
6 1 /MHz -0.01471(76) ecm™' u’/? -3.83(20) x 1077
0 2 /MHz —51.44647(89) cm™! u? —-0.001527418(68)
1 2 /MHz 0.8230(23) cm™! v/? 2.3529(65) x 107
2 2 /MHz —-0.0637(15) cm~! o —1.764(42) x 107°
3 2 /MHz 0.00259(37) cm™! u’/? 6.95(99) x 1078
4 2 /MHz —-0.001454(28) cm~!ut —-3.790(72) x 1078
0 3 /MHz 0.0037986(78) cm™! u? 1.0866(30) x 1077
1 3 /MHz —1.285(42) x 1074 cm~! u’/? -3.45(11) x 107°
2 3 /MHz -1.31(18) x 107> cm~!ut -3.42(47) x 10710
3 3 /MHz —-4.19(31) x 107° em™' u??2 —1.057(79) x 10710
0 4 /MHz —4.58(16) x 1077 cm™! vt —1.194(41) x 1071
1 4 /MHz -3.82(28) x 1078 ecm™ u?? —9.64(71)x 10713
0 5 /MHz 4.39(86) x 107! cm™! v?/? 1.08(21) x 10713

X I m 5x A

N 0 I /MHz 75.65(11) —3.8559(57)

N 1 1 /MHz -3.40(13) —4.44(17)

H 1 0 /cm! 1.6112(14) —-0.90136(78)

H 2 0 /cm™! -0.01101(24) -0.2571(56)

H 0 1 /MHz 1005.080(32) —3.68728(12)

H 1 | /MHz -0.3589(21) -3.2016(29)

H 0 2 /MHz —-34.038(31) —12.728(76)

H 0 3 /MHz 1.215(76) x 1074 -56.9(36)

Notes.

The Dunham constants Y;,, are referred to the most abundant NH isotopologue. The BOB
coeflicients A?fn are dimensionless. Number in parentheses are the 10 statistical errors in units

of the last quoted digit.
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Table 4.11: Fine Dunham 9,, constants and isotopically invariant U, parameters determined
in the multi-isotopologue fit for NH

Dunham type Isotopically invariant

Fine structure parameters

Ao /MHz 27573.427(23) U}, /MHzu 0.9174535(52)
Ao /MHz 16.195(46) Uty /MHzu'/? 5.861(20) x 107
Ao [/MHz — -14.642(22) Uj, /MHzu ~4.5914(68) x 107
Adoi  /MHz 0.0107(39) U, /MHzu¥?*  33(12)x 107’
yo /MHz -1688.268(31) Uy, /MHzu —0.0528434(13)
yio /MHz 88.136(93) Ul, /MHzu¥?  0.0026739(27)
¥ /MHz ~1.355(78) Uy, /MHzu¥?  -3.96(23)x 107
v /MHz 0.361(21) Uy, /MHzu? 1.028(61) x 107>
yoi /MHz 0.4631(31) Uj, /MHzu? 1.3656(92) x 10~
yn /MHz ~0.0290(82) U, /MHzu¥?* -83(23)x 107’
y21  /MHz 0.0150(45) U), /MHzu? 4.2(13) x 1077
y31 /MHz -0.00328(72) Uy, /MHzu>  -8.8(19)x 107
& /MHz ~3.61(16) A 0.840(37)
o' /MHz  —65.244(40) Ay 1.08948(67)
ot /MHz 1.930(40) A ~48.9(10)
&7 /MHz 1.712(18) AL 3.515(38)
&7 /MHz —0.090(17) AT 3.81(67)

Notes.

See notes of Table 4.10.

From the multi-isotopologue analysis we obtained a highly satisfactory fit. Its quality can be
evaluated in several ways. First of all, we were able to reproduce the input data within their
estimated uncertainties: the overall standard deviation of the weighted fit is o = 0.90, and
the root-mean-square deviations of the residuals computed separately for the rotational and ro-
vibrational data are of the same order of magnitude of the corresponding measurements error,
rmsg = 0.107 MHz and rmryjpo = 3.4% 1072 cm™!, respectively. Then, the various sets of Y,
for a given m constitute a series whose coefficients decrease in magnitude for increasing values
of the index [, as expected for a rapidly converging Dunham-type expansion. In general, most
of the determined coefficients have a relative error lower than 5%. Higher errors are observed
only for those constants with high /-index and this is due to the smaller number of transitions
available for highly vibrationally excited states. Finally, the Kratzer [55] and Pekeris [56] re-

lation can also be used as a yardstick to asses the correct treatment of the Born—Oppenheimer
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Table 4.12: Hyperfine Dunham 9;,, constants and isotopically invariant U, parameters deter-
mined in the multi-isotopologue fit for NH

Dunham type Isotopically invariant

Hyperfine structure parameters

broo  (H)  MHz —64.194(13) Uy H)  cm™! —0.00214129(45)
brio  (H) MHz  -3.785(15) v H)  em™! ~1.2243(48) x 107
coo (H)  MHz  92.216(61) us,, (H) cm™! 0.0030760(20)
10 (H  MHz -3.391(58) U, H cm™! -1.097(19) x 10~
Coo (H) MHz -0.068(11) us,, (H cm’! -2.14(33) x 107°
broo (D)  MHz  -9.836(12) uy (D) em™ ~3.2810(41) x 107
br.10 (D) MHz -0.632(10) Uﬁ’g (D) cm'ul? -2.044(34) x 107>
c00 (D) MHz  14.233(74) Uy, (D cm! 4.746(25) x 107
c1o (D) MHz -0.372(99) Ui, D cm'u’? -11932)x107
20 (D) MHz -0.117(32) Us, (D) cm'ul? -3.66(100) x 1076
eQeqy (D) MHz 0.080(32) Uggq (D) cm™! 2.7(11)x 107¢
broo  (YN) MHz  19.084(18) vl (“N) em™! 6.3660(59) x 10~
brio (“N) MHz -0421(31) Uﬁ’g (N) cm'u'/? -1.365(99) x 107
broo  (YN) MHz  -0.088(13) Uk (MN) em™'ul2 -2.76(41) x 107
coo  (MN) MHz -68.135(31) Us, (“N) em'ul/2 -0.0022727(10)
€10 (“N) MHz 0.467(26) Ui, (MN) em ¥ 1.509(83)x 107
eQqoo (*N) MHz -3.367(54) Uggq (N) cm™! —1.123(18) x 107
eQqio ("*N) MHz  0.395(38) U2r (MN) em'ul? 1.28(12) x 107
Coo (“N) MHz 0.172(11) us,  (MN) em™'ul'2 5.42(36)x 107
Co (N) kHz  —0.0293(85) u$, Ny em™'u¥? -9.0(26) x 1077
broo  (PN) MHz -26.848(16) vl (PN) em™! -8.9556(52) x 107
brio  (N) MHz  0.860(18) U (N) em'ul? 2.789(58) x 107
00 (PN) MHz  95.428(49) Us, (°N) cm™ 0.0031831(16)
an (PN) MHz  -0.556(54) Ui, (*N) cm™! -1.80(17) x 107
Co  (PN) MHz -0.259(22) us,  (PN) em'ul/2 -8.18(71)x 107
Cio (PN) MHz 0.099(24) U,  (PN) em™'ul2 3.06(74) x 107

Notes.
See notes of Table 4.10.

Breakdown effects. Using the formula [1]

4Y3,

—o. (4.14)
Yio

Yoo =

we obtained for Y, a value of 51.54051 MHz which compares well with the fitted one of
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51.4472(9) MHz.
4.1.8 Molecular properties

Equilibrium bond distance

The precision yielded by the high-resolution spectroscopic technique led to a very accurate
determination of the equilibrium bond length r, for the imidogen radical. The rotational mea-
surements of a diatomic molecule in its ground vibrational state (v = 0) allow the determination
of precise value of ry, which includes the zero point vibrational contributions and differs from
r.. This latter is determinable from the rotational spectrum in at least one vibrationally excited
state. In the present analysis, data of four isotopic species in several vibrational excited states
have been combined, allowing for a very precise determination of r, for each isotopologue a.

The equilibrium bond distance is given by:

N,h 1
—_— (4.15)

Ao —
> )
87* By,

e

where N, h is the molar Planck constant. Actually, the values of Bg“) differ from those of Yé‘f)
obtained from the Dunham-type analysis. This discrepancy should be ascribed to a small con-
tribution, expressed by [1]:

Dunh B

Yor = B. + AY™ = B, + By (J) : (4.16)

with
Y Y
w2 21 20 2 3

:801 = YlO (Fgl) + 16a, (3701) —8a; — 6611 + 4611 , “4.17)

and
Y1,

a (4.18)

VTt
From Eq. (4.15), it is evident that the bond length r, assumes different values for each iso-
topologue. On the contrary, by substituting the product B, with Uy, one obtains an iso-
topically independent equilibrium bond length 729, In the present case, r2° takes the value of
103.606721(13) pm. In Table 4.13, this result is compared with the equilibrium bond distances
calculated from the B, of each isotopologue NH, °’NH, ND, and '>ND. In this case, B, was ob-
tained by correcting the corresponding Yj; constant according to Egs.. (4.16)—(4.18). It should
be noticed that the values differ at sub-picometer level but these differences, even if small, are
detectable thanks to the high-precision of rotational measurements.

The experimental value derived for 7 has been compared with a theoretically best estimate

obtained following the prescriptions of Ref. [S7]. A composite calculation have been carried out
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considering basis-set extrapolation, core-correlation effects, and inclusion of higher-order cor-
rections due to the use of the full coupled-cluster with single and double excitation, augmented
by a perturbative treatment of triple excitation [CCSD(T)] model:

fc-CCSD(T)/cc-pVooZ + Acore/cc-pCVSZ + AT/cc-pVTZ. 4.19)

The computation have been performed using CFOUR [58]. From this theoretical procedure we

obtained " = 103.5915 pm (see also Table 4.13), which is in very good agreement with the

e

experimentally derived value, the discrepancy being 15 fm.

Table 4.13: Born—Oppenheimer and equilibrium bond distances (in pm) from the individual
isotopologues (see text).

: BO
Species Te Te— T,

NH 103.716377(16) 0.109656
BNH 103.715864(16) 0.109143
ND 103.665420(10) 0.058699
SND  103.664908(10) 0.058187

r89 =103.606721(13)
riheor = 103.5915

Born-Oppenheimer Breakdown

The BOB coefficients AY determined in the present analysis account for the small inaccura-
cies of the Born—Oppenheimer approximation in describing the ro-vibrational energies of the
imidogen radical. For the rotational constant (= Yj), it is possible to identify three different

contributions to the corresponding BOB parameter [59]

Ag] _ (Aé(l )ad 4 (AOXI )nad + (AgI)Dunh

Dunh
a0\ w8y AY(()I u (4.20)
—(Am) + + ,
m, m.B,

namely an adiabatic contribution (ad), a non-adiabatic term (nad), and a Dunham correction
(Dunh), respectively. The last two terms on the right side of Eq. (4.20) can be computed from

Dunh
purely experimental quantities: (Agl) arises from the use of a Dunham expansion and con-

. (Dunh) x \nad .. .
tains the term AY;;" " of Eq. (4.16), whereas (Am) depends on the mixing of the electronic
ground state with nearby electronic excited states, and can be estimated from the molecular

electric dipole moment u and the rotational g; factors [40]. The adiabatic term can be simply
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)Dunh

. . nad
computed as the difference between the experimental Ay, and the terms (A(’)‘1 and (Af)(l) .

Tiemann et al. [42] found that the adiabatic term (Aéﬂ )ad basically depends on the corresponding
X atom rather than on the particular molecular species. Hence, it is interesting to derive this
contribution in order to compare the results obtained for different molecules and to verify the
reliability of the empirical fitting procedure.

All the contributions of Eq. (4.20) are collected in Table 4.14. The non-adiabatic contribution
has been computed using the literature value of the dipole moment [60] u = 1.389 D and the
ground state g; value estimated from a laser magnetic resonance study [61], g, = 0.001524.
From the adiabatic contribution to the Born—Oppenheimer Breakdown coeflicients for the rota-
tional constants, (Aff])ad, one may derive the corresponding correction to the equilibrium bond
distance, a quantity which can also be accessed by ab initio computations. From our Eq. (4.11a)
and Eq. (6) of Ref. [62], the following equality is obtained

AR, = —% [%N (Agl)ad + A’Z—H (Agl)ad] . 4.21)

The adiabatic correction to the equilibrium bond distance, AR,4, can be theoretically estimated
through the computation of the adiabatic bond distance, i.e., the minimum of the potential given
by the sum of the Born—Oppenheimer potential augmented by the diagonal Born—Oppenheimer
corrections (DBOC) [62]. The difference between the equilibrium bond distances calculated
with and without DBOC, with tight convergence limits, performed at the CCSD/cc-pCVnZ level
(n = 3,4,5), yielded AR,q = 0.026 pm. This value is in very good agreement with the purely
experimental one obtained by Eq. (4.21) which results 0.020 pm, thus providing a confirmation

for the validity of our data treatment.

Table 4.14: Contributions of the Born—Oppenheimer Breakdown coefficients to the Uy, con-
stant

Atom Agj(exp) adiabatic non-adiabatic Dunham

N -3.8592 -0.6515 -3.1326 -0.0751
H -3.6874 -1.0379 -2.5744 -0.0751

Zero-point Energy
The results of our analysis make possible to estimate the ZPE for each isotopologue from the

Dunham’s constants Y}, with m = 0, namely:

1 )
G(0) = Z Yu (E) . (4.22)
l
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As we determined anharmonicity constants up to the sixth order, the ZPE is derived with a
negligible truncation bias [63] from the expression:
Yio Yo Yo Yo  Yso Yoo
GO)=Yyp+——-—"—"+—+—+—"—"+—.
R e S T R

The Y, constant present in the Dunham-type expansions is not experimentally accessible. Its

(4.23)

value can be estimated, to a good approximation, through [63]

v B, L Qe 2w wex,
T4 T 12B, 122B2 4

(4.24)

The value for the main isotopologue NH is 1.9987(12) cm™!.

The values obtained for the ZPE of the four isotopologues are collected in Table 4.15. For

comparison, the values of literature are also given.

Table 4.15: Zero Point Energies (in cm™) of imidogen isotopologues.

Species This work Ref. [63] Ref. [64]
NH 1623.5359(17) 1623.6(6) 1621.5¢
BNH  1619.9485(17) 1617.9°
ND 1190.0859(11) 1190.13(5) 1189.5°¢
OND  1185.1413(11) 1183.6°%

Number in parentheses are the 1o statistical
errors in unit of the last quoted digit. [a] From
Ref. [33]. [b] Computed. [c] From Ref. [34].

Our results agree well with those reported in the literature [63], but our precision is more than

one order of magnitude higher. The errors on our ZPE values are ca. 1 X107 cm™' and were
calculated taking into account the error propagation
o =¢"Vg (4.25)

where O'J% is the variance in the function f [i.e., Eq. (4.23) in the present case] of the set of
parameters Y, whose variance-covariance matrix is V, with the i element in the vector g
bei of
eing — .
£ oy,
Discrepancies of ~ 2 cm™! are observed by comparing our data with those reported in Ref. [64]
because their definition of the ZPE does not include the term Yy, which is non-negligible for

light molecules [63]. These newly determined values should be used in the calculation of the

exoergicity AE of chemical reactions relevant in fractionation processes.
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4.1.9 Outlook

After the study of the 'ND isotopologue, the spectroscopic characterization of imidogen is
quite complete. Rotational spectra have been recorded and analysed for each isotopologue (at
least their lowest N transitions) and ro-vibrational stretching bands have been studied for NH
and ND. So, what could be done in the future is to record and assign the same band for the
ISN-substituted species, whose analysis can improve the quality of the Dunham fit.

From an astrophysical point of view, it would be more interesting to search for ND and '"NH
in publicly available spectral surveys (e.g., those deposited in the Herschel archive) and with
the new high-frequencies facilities. The former species has been observed only two times, in
IRAS16293 and its prestellar core 16293E, but NH is almost ubiquitous in the ISM and deuter-
ation processes are very efficient in many different objects. The latter one, '’NH, has never been
observed and is certainly less abundant than ND. However, its astronomical detection would be
of great help, because nitrogen fractionation can be used as a tool to trace the evolution of gas
and dust during the star formation. Dedicated searches with high-sensitivity facilities, such as
ALMA, may be needed to achieve this goal.

48



4.2 Amidogen radical

In the course of my PhD school, I have studied several isotopologues of the amidogen radical
NH,. Specifically, I have put the focus on the deuterated forms of this species. Amidogen is an
abundant interstellar radical and the possibility to detect its deuterated isotopologues is briefly
reported in § 4.2.1. Then, the complexity of the rotational energy levels of NH, is explained
and the Hamiltonian is given (§ 4.2.2). After that, the studies of NHD, ND,, and '°ND, are
presented one-by-one (§ 4.2.3—4.2.5). Finally, the prospect of investigating the >’NHD radical
is presented in § 4.2.6.

Part of these studies are collected in the articles:

e M. Melosso, C. Degli Esposti, and L. Dore, “Terahertz Spectroscopy and Global Analysis
of the Rotational Spectrum of Doubly Deuterated Amidogen Radical ND,” Astrophys. J.
Suppl. S., vol. 233, issue 1, no. 15 (5pp), 2017 [65].

e M. Melosso, L. Bizzocchi, F. Tamassia, C. Degli Esposti, E. Cane, L. Dore, “The pure ro-
tational spectrum of '"’ND, observed by millimetre and submillimetre-wave spectroscopy,”
J. Quant. Spectrosc. Ra., vol. 222-223, p. 186—189, 2019 [66].

e L. Bizzocchi, M. Melosso, B. M. Giuliano, L. Dore, F. Tamassia, M. Martin-Drumel,
O. Pirali, L. Margules, and P. Caselli, “Submillimetre and far-infrared spectroscopy of
monodeuterated amidogen radical (NHD): improved rest-frequencies for astrophysical
observations,” submitted to Astrophys. J. Suppl. S..

The following subsections are reproduction of the above-mentioned articles with some additions
and changes. My contribution to this work can be summarized as follow:

e conceptualization and literature search;
e measurements of all the spectra but the FIR spectrum of '“NHD;

data analyses, with the help of Dr. M. Martin-Drumel for the FIR data of '*NHD;

presentation of the most relevant results in a scientific meeting (25" HRMS conference);
e manuscripts writing (for "“ND,) or co-writing (for '’ND, and "“NHD);

co-writing of the SOLEIL proposal for ’NHD, for which I am the principal investigator.
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4.2.1 Introduction

Recent discoveries of multiply deuterated molecules in the ISM [67, 68, 69, 70] have confirmed
the interest in deuterium-bearing species, since deuterium fractionation is a powerful tool to
study the evolution of the Solar System [71, 72, 73, 74]. Both gas-phase models [75, 76] and
active chemistry on grain-surface [77] have been invoked to explain the formation of doubly or
even triply deuterated species and their anomalous large amount. Further detections of multiply
deuterated species are thus fundamental to constrain the chemical models and spectroscopic

laboratory data are necessary to the goal.

The singly and doubly deuterated forms of amidogen radical, NHD and ND,, represent a possi-
ble target, since NH, is involved in the formation process of ammonia [6] and all the deuterated
isotopologues of ammonia have been detected in space [68, 78, 79]. The main isotopologue
NH, was first observed in 1943 in a comet [80] by optical astronomy. More recently, it has also
been detected via radio observation of the star-forming region Sagittarius B2 [81] and of many
other sources [24, 82]. Moreover, in 2013/2014 the rare '’N-substituted isotopologue has been
observed through cometary emissions [83, 84]. However, no detection of deuterated amidogen,

even in its mono deuterated form NHD, has been reported to date.

Nevertheless, the existence of deuterated forms of amidogen in the ISM seems to be plausible
as predicted by the gas-phase chemical models, in which the dissociative recombination of par-
tially deuterated intermediates results in a higher probability for the ejection of a hydrogen atom
than deuterium. Roueff et al. [85] presented a steady state model of the gas phase chemistry
aimed at understanding the deuterium fractionation of ammonia in various sources: these au-
thors considered different physical conditions and could derive a general trend. At high density
and high depletion, deuteration of N-containing species is very efficient at 10 K. Actually, the
abundances of singly and multiply deuterated forms of H3* can reach exceptionally high values
under conditions of extreme CO-depletion, and these high degrees of deuteration can propagate
to the residual nitrogen-bearing species [86], that appear to be less depleted and subsist longer
in the gas phase (see [87] and [88] for the cases of NH3 and N,H*, respectively). The deuterium
fractionation is sensitive to the temperature, but it remains large for temperatures between 5 and
20 K. Thus, the model predicts high fractional abundances of ammonia progenitors and their
deuterated isotopologues, namely NH, ND, NH,, NHD, and ND,, in dense cores. In general,
the predicted abundance ratios of the deuterated ammonia isotopologues and their progenitors
agree reasonably well with existing observations, and, noticeably, the fractional abundance of
NHD is predicted to be as high as that of NH,D, while for ND, is estimated to be from 2 to 9

times larger than the ND3 abundance.

From a spectroscopic point of view, the parent species NH, has been widely studied over the
past 40 years [89, 90, 91, 92, 93, 53]. Driven by the current observational facilities (e.g., ALMA,
SOFIA), the "’NH, species has recently been investigated for the first time in the mm/THz/FIR

domain [94]. A thorough spectroscopic study was still missing for deuterated species NHD
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and ND,, which are likely to be the most abundant variant of amidogen in the ISM after NH,.
Moreover, no spectroscopic studies were ever reported for ’NHD and "ND,.

The rotational spectrum of NHD has been observed first-ever in the discharge products of am-
monia and deuterium [95] with a Fourier-Transform Far-Infrared (FT-FIR) spectrometer. Al-
most simultaneously, Kobayashi ef al. [96] published an analogous study in the millimeter-
/submillimeter-wave domain using a microwave absorption spectrometer. In the former case,
the spectral resolution did not allow the observation of the hyperfine-structure but the spectral
coverage (103-363 cm™) led to a detailed centrifugal analysis; in the latter case, hyperfine
splittings were resolved for many transitions, and several spin-spin and spin-rotation constants
were determined for N, H, and D. The ND, radical has been long studied with various spectro-
scopic techniques: electronic, Laser Magnetic Resonance (LMR), Microwave Optical Double
Resonance (MODR), millimeter-wave and FT-FIR spectroscopy. Briefly, the rotational con-
stants were first derived from the electronic spectrum [97], while quartic centrifugal distortion
and fine interaction parameters were obtained by means of LMR studies [98]. Later on, [99] de-
termined the hyperfine coupling constants using MODR spectroscopy and [100] measured the
pure rotational spectrum in the range 265-531 GHz using a submillimeter-wave spectrometer.
Lastly, in the same study of NHD, Morino et al. [95] observed the far-infrared spectrum of ND,
in the 102-265 cm™! region.

In this thesis, I report:

o the extension towards THz frequencies of the rotational spectrum of NHD and a re-
analysis of its FIR spectrum, recorded at higher resolution (0.001 cm™") than in Ref. [95]
using synchrotron radiation on the AILES beamline at SOLEIL;

e new rotational transitions from 588 GHz to 1.13 THz for ND, recorded with high accu-
racy, i.e., better than 100 kHz;

e the ro-vibrational analysis of the v, band of ND, recorded at SOLEIL;

e the first and accurate determination of the rotational, fine and hyperfine constants of

1SND,, for which no spectroscopic investigation was ever performed before;

e the very first step of the incoming project of '>'NHD, which was also unstudied.

For both NHD and ND,, newly observed and previous field-free data were analyzed together, so
that a unique set of highly accurate spectroscopic constants has been produced for each species,

which will assist future astronomical searches.

4.2.2 Theory

The NH, radical in its electronic ground state X>B) is an asymmetric rotor of C, symmetry
whose dipole moment (1.82 D) lies along the b axis [101] (Fig. 4.5).

Because of the spin of the unpaired electron (S = 1) and the spin of the '“/'*N and H/D nuclei

(e =1, Isy = %, Iy = %, Ip = 1), this radical shows a complex spectrum with fine and
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Figure 4.5: ND, in its principal system of inertia. Equilibrium bond-length and angle from
Ref. [57].

hyperfine structures. In fact, each rotational level with quantum number N # 0 is split into two
sublevels with J = N + % and J = N-— % because of the coupling of the rotation with the electron
spin. Each of these two sublevels is then split by the interaction with the nitrogen nuclear spin.
A further splitting of the nitrogen hyperfine components is due to hydrogen and/or deuterium

nuclear spins.

This thesis focuses onto three different isotopologues, namely YNHD, “ND,, and ’ND,. In the
cases of the doubly-deuterated species '“ND, and '°ND,, the Bose-Einstein statistics has to be
taken into account. Deuterium is a boson, therefore the total wavefunction has to be symmetric
upon exchange of the two identical nuclei, that is of A symmetry. Since the X?B; electronic state
is antisymmetric and the vibrational ground state is symmetric, then symmetric rotational levels
[K.K. = (ee) or (0o)] combine with antisymmetric deuterium spin functions, with Ip = Ip, +
Ip, = 1, while antisymmetric rotational levels [K, K. = (eo) or (0e)] combine with spin functions
with Ip = 0,2, which are symmetric upon exchange of the D nuclei. Thus the symmetric
rotational levels are split in three further hyperfine sublevels and the antisymmetric ones in six

sublevels.

The coupling scheme used in the present work is the following:

J=N+S
Fi=J+Ix
F:F1+ID.

On the other hand,*NHD has no spin statistics; all hyperfine levels are permitted and the cou-
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pling scheme is:

J=N+S
Fi=J+Ix
F,=F +1Iy
F=F, +Ip.

Moreover, NHD belongs to the C, symmetry group, has a X>A” ground electronic state, and
possesses two dipole moment components, 1,=0.67 D and p,=1.69 D [101].

The effective Hamiltonian for the amidogen radical can be expressed as [95]:
= %ot + %s + jﬁlfs’ (426)

The % term is the Watson A-reduced Hamiltonian in the /" representation [102], which in-
cludes the rotational energy and the centrifugal distortion terms.

Hoo = HD + AP+ A+ 4.27)
where 7™ contains the rotational constants in the A-Watson reduced form:
AHD =LB+ON +[A-L(B+O|N2+1(B-O)(N;-NY), (4.28)

the ,%’éff) part accounts for the centrifugal distortion terms with the 4" power of the angular

momentum

A = ~AN* = AygNN] = AgN; =6y N? (N} = N7 ) =6 [N (N} = N2) + (N} = N2)N?
(4.29)

while 7 516) contains operator with 6 power of N, and so on.

The fine-structure Hamiltonian .77 contains the electron spin-rotation terms with constants €;

and their centrifugal dependences:

jﬁs = faaNaSa + EbbNbSb + ECCNCSC + (eab + eba) (NaSb + NbSa) /2
+ AANZ (N - 8) + (1/2) A3 [N, NoS |+ AfyN2 (N - 8) + ARNS
+ 03 (N; = NZ)(N-8) + 6% [NuS o (N} = N2)|, + ... (430)

The 74 operator is the hyperfine-structure Hamiltonian and can be separated into several com-
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ponents:
g, = Haa("PN) + H_y(H/D) + HH(N) + (D). (4.31)

Hrmd — d(X) and 7, rmQ(X) represent the Hamiltonian for dipole-dipole interactions and
nuclear quadrupole interaction for the nucleus X, respectively. In the present analysis, the
effect of isotropic (ar) and anisotropic (T};) electronic spin-nuclear spin coupling constants
were considered for all nuclei. The electric quadrupole (eQg) and spin-rotation (C;;) coupling

constants could be determined for the '*N-nitrogen nucleus and, in some cases, for deuterium.

4.2.3 “NHD

High-resolution pure rotational spectral data of NHD have been collected in the submm-region
at the Centre for Astrochemical Studies of the Max-Planck-Institut fiir extraterrestrische in
Garching (see § 3.2) and in the FIR domain at the AILES beamline of the SOLEIL (§ 3.5).
The measurements in Garching have been carried out using the CASAC spectrometer. Below
1.1 THz, a WR9.0SGX module (80-125 GHz) associated to a series of active and passive har-
monic doublers/triplers in cascade has been employed as radiation sources, thus achieving a
frequency multiplication factors as high as 9. Measurements above this frequency have been
performed with a stand-alone active multiplier system operating in the 1.1-1.2 THz (AMC-680)
interval. The NHD radical was produced in a glow discharge (70 mA, ~ 1.1kV) of a 1:2 mix-
ture of NHj3 (4 ubar) and D, (8 ubar) diluted in Ar buffer (total pressure ~ 25 ubar), with the cell
kept at ~ 180 K by cold vapour/liquid N, circulation. Besides preventing cell overheating, the
cooling was found to be critical to improve the amidogen production in the plasma. However,
below the indicated temperature NHD signals decreased due to massive ammonia condensation
on the cold cell walls. The spectrum was recorded in selected frequency regions from 430 GHz
to 1.2 THz. Slow (0.67-1.67 MHz s™!) back-and-forth scans around target lines were perfomed
employing a frequency step of 10-25kHz and a time constant RC = 3 ms.

At SOLEIL, the FIR spectrum of NHD has been recorded using a Bruker IFS125HR FT-IR
spectrometer exploiting the bright synchrotron radiation extracted by the AILES beamline. The
spectrum results from the co-addition of 104 scans recorded at the ultimate resolution of the
instrument, R = 0.001 cm™!, in the 50-250cm™' range. A 6 um Mylar beamsplitter and a
4.2 K liquid helium cooled bolometer were used. The NHD radical was produced using a post-
discharge set-up successfully employed in the past to produce the NH, and NH radicals as well
as their °N isotopic variants [53, 94, 43]. In this configuration, a radio-frequency discharge cell
is connected perpendicularly to the center of a White-type multipass absorption cell. A 2.5m
baselength White-type cell allowing 150 m of absorption path length was used. The absorption
cell was separated from the interferometer by two polypropylene films of 60 um thickness.
The NHD radical was produced by a 1000 W radiofrequency discharge in a ND3 + H, mixture
at partial pressures of 30 and 15 pbar, respectively. Production of NHD, as well as ND,, were

found to be more efficient when the gas mixture was injected at one end of the absorption cell
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while pumping connections were set at the other end of that cell, so that no gas was directly
injected through the RF discharge cell. Such configuration enabled a propagation of the plasma
into the absorption cell. A discharge-off spectrum was also recorded to quickly identify the
lines arising from transient species. The recorded FIR spectrum was calibrated using residual
water lines whose accurate frequencies have been reported in the literature [103]; the resulting
accuracy on line frequency is estimated to be of 0.0002 cm™!.

Since there are no spin statistics in the case of NHD, all hyperfine sublevels (up to a maximum
of 18) are allowed for each Nk, g, rotational level. The electric dipole selection rules [1] on
this sublevels manifold produce very complex hyperfine patterns for each rotational transition
due to the additional fine/hyperfine selection rules AJ = 0, +1, AF, = 0,1, AF, = 0,+1, and
AF = 0,+1. The most intense components have AJ = AF, = AF, = AF = AN. An example
of the complexity is given in Figure 4.6, which illustrates the above described interactions for
the fundamental b-type transition Nk, g, = 1;; < Ogo. Each line of the fine-structure doublet,
separated by some GHz, is then split in a multitude of hyperfine components, roughly gathered
in loose triplets, due to the dominant effect of electron spin—nuclear spin coupling due to the
“N nucleus.
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Figure 4.6: Synthetic spectrum of the Nk, x. = 1;; < 0O rotational transition of NHD simu-
lated at 298 K.

The spectral recordings performed with the CASAC spectrometer covered the frequency inter-
val from 430 GHz to 1200 GHz, exploring the region above 520 GHz for the first time. Since

NHD is a very light molecule, the rotational transitions are quite isolated in the spectrum and
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separated by several tens of GHz. The transitions recorded in this frequency domain are sum-
marized in Table 4.16, which also reports the hypothetically unsplit frequency of the rotational

lines and the number of assigned hyperfine components.

Table 4.16: List of NHD rotational transitions with HFS recorded in the submillimeter region.

Transition  Type® Unsplit Freq. (MHz) no. of FS lines no. of HFS lines

Lio—Tlo1 b0n1 432580.3 4 44
200 — 111 PRy 456235.5 2 5
211-202 "0 515448.6 2 19
312— 305 PQu1-1 656654.9 2 30
11— 000 "Riisn 772506.7 2 15
dis—4dos 200 869336.3 2 7
303 — 212 P"R.ii 902924.7 2 12
310-312 "0 1020828.9 2 5
624—615 2041 1062344.6 2 6
215 —1o1  P"Rin 1112159.2 2 4
315-212 “Roa 1122794.6 1 1
514 =505 "0 1157071.0 1 6
303 — 202 “Ro1 1199330.9 2 6

[a] The symbol *M;k, sk. 1s used to label in a compact form the transition type
for an asymmetric rotor: x indicates the dipole moment component involved,
M = P, Q, R is the symbol for the transitions with AN = —1,0, +1, respectively,
and 0K, and 0K, refer to the (signed) change in the K, and K, pseudo-quantum
numbers [1].

Under our experimental conditions, isolated NHD absorption lines have a FWHM of 1.5-
3.0 MHz due to the sizable Doppler broadening characteristic of this spectral range (e.g., Avq ~
1.5 MHz at 700 GHz for NHD at 150 K). However, due to the density of the hyperfine struc-
ture, overlap of numerous components is common and blends of lines, resolved to different
extents, are typically observed. To facilitate the retrieval of the corresponding central line fre-
quencies, we have modeled the recorded absorption profiles using the proFFiT line analysis
code [44] adopting a FM Voigt profile function and considering the full complex representa-
tion of the Fourier-transformed dipole correlation function. When necessary, the background
contribution has also been accounted for using a third-order polynomial expansion. In most
cases, this approach typically allowed for a satisfactory fit of the recorded spectral profiles,
with some minor discrepancies due to the occasional presence of noise features or weak in-
terfering lines. An example is presented in Figure 4.7, which shows the recordings of the
Nk, k. = 413 < 4o4,J =/ « °)2 fine-structure component of NHD: twelve hyperfine compo-

nents are blended in six resolvable lines illustrating the predominance of the N coupling (three
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main groups), followed by the H coupling (closely separated doublets).
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Figure 4.7: Recording (black trace) of the N, k. = 413 < 404, J = °/» < /> fine-structure tran-
sitions showing six resolvable components. Integration time: 390s; RC = 3 ms; scanning rate:
1.3 MHz/s; modulation depth: 850 kHz. The blue trace plots the modeled spectrum computed
with proFFiT using a modulated Voigt profile (see text). The red sticks indicates the position
and relative intensity of the twelve hyperfine components. Note that the F, and F quantum
number are not shown in the plot.

The modeled profile has been obtained by fixing the Doppler FWHM at 1.834 MHz (computed
at 150 K) and adjusting the line positions and the Lorentzian FWHM (collisional broadening),
Avq = 1.42(15) MHz, assumed equal for all the components. This procedure allowed us to
obtain line positions with an associate error ranging in the 30-100 kHz interval, depending on
the S/N of the spectrum and on the overall goodness of the line profile fit. Whenever possible,
a single hyperfine transition has been assigned to a given resolved feature detected in the rota-
tional spectrum. Measurements corresponding to tight line blends have been instead assigned
to the subset of components which make up the dominant intensity contribution. In these cases
the intensity-averaged frequency is compared with the experimental one in the least-squares fit.
Loose blends of unresolved components, resulting in very broad or distorted line profiles, have
not been used in the analysis.

In the FIR experiment, deuterium scrambling in the NH; + D, discharge mixture appears very
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efficient as strong transitions of NHD are observed, about 10 of the strongest lines are even
saturated (these transitions have been excluded from the analysis). As a point of comparison,
using the same experimental condition in pure ND3 or NHj, similarly strong signals of ND,
and NH,, respectively are observed, while in the present spectrum only relatively weak signals
of ND, (10 % absorption at best) and no NH, are observed. As previously observed in similar
studies on the NH, radical and its isotopologues, the hyperfine splitting due to the nitrogen
atom is partially or fully resolved for several b-type transitions on the spectrum, as illustrated
in Fig. 4.8.

Table 4.17: Center frequencies used to calculate the offset values in Figure 4.8. These frequen-
cies correspond to unresolved nitrogen hyperfine structure.

=
i
A

J' N” K’ K’ J” Obs.frequency /cm™

68.5090
68.7396
85.9796
86.1901
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106.4740
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187.7432
187.9622
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Because the natural width of the transitions is lower than the experimental resolution in this
spectral region, many lines exhibit a cardinal sine profile at their base (arising from the boxcar
apodization). While this effect can be canceled by applying an apodization to the interferogram
before Fourier transform, the resulting width broadening prevented from the resolution of the
nitrogen hyperfine structure on most transitions; consequently such apodization was not applied.
In total, 512 transitions have been assigned to 447 experimental frequencies in the range 54—
236cm™!, 141 a-type and 371 b-type transitions with N’ = 15 (for K/, = 0 — 2) and K, =17
(for N’ = 7). Among these transitions, 107 transitions (80 different frequencies, mostly b-type)
with K] = 0 — 3 exhibit partially or fully resolved nitrogen hyperfine structure. The uncertainty
on line frequency is doubled for lines that appear broadened by unresolved hyperfine structure
or asymmetric splitting.

The analysis was carried out with the SPFIT/SPCAT suite of programs [46]. The experimental
frequencies were fitted to the Hamiltonian of Egs. (4.26)—(4.31) in a least-square procedure, in
which the weight of each datum was proportional to the inverse square of its error. The data

set includes previously measured [95, 96] and newly observed mm-, submm-wave, and FIR
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Figure 4.8: Observation on the FIR spectrum of the hyperfine structure due to the nuclear spin
of the N atom in NHD for the b-type "R(1) branch with K' + K" — N” = 0. Frequencies
are reported as the offset frequencies from the predicted transition when no hyperfine structure
is taken into account and span the 68—188 cm™' range (see Table 4.17 for the numerical val-
ues). Predicted frequency of each component (neglecting the H and D hyperfine splittings) is
indicated by red sticks (intensity in arbitrary units). Transitions labeled with “x” symbol are

still present with the discharge off and most likely arise from NDjs; the line labeled with a “u
remains unassigned.

1

transitions. The data from Ref. [95] were given uncertainties of 7.5 x 10™*cm™', i.e., an order
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Table 4.18: Rotational spectroscopic parameters determined for NHD.

Constant Unit Present work Ref. [96] Ref. [95]*
A MHz 602874.1082(64) 602873.269(18) 602879.3(24)

B MHz 243153.818(15) 243150.415(29) 243147.6(9)

C MHz 169872.513(15) 169875.877(26) 169871.5(9)
Centrifugal distortion

Ay MHz 9.29361(23) 9.2833(9) 9.239(9)
Ak MHz 31.2187(11) 30.303(13) 31.226(45)
Ak MHz 250.2294(21) 250.825(10) 250.90(21)
on MHz 3.07038(10) 3.04088(12) 3.0672(30)
Ok MHz 48.7864(81) 46.854(14) 47.502(66)
DOy kHz 1.0098(24) 0.785(42)
Dy MHz 0.04883(14) —0.0901(11) 0.04569(60)
DOrn MHz —0.17115(50) —0.1638(21)
DOy MHz 0.79326(48) 0.59213(25) 0.8223(87)
on kHz 0.4888(12) 0.475(18)
dNk MHz 0.023248(49) 0.02099(42)
ok MHz 0.2588(11) 0.1256(19)
Lynk kHz —2.373(14)

Lxkn kHz 0.0437(32) 0.0615(84)
Ly kHz -3.91(29) -3.20(17)

Ix kHz 0.307(22) 0.0210(48)
Py Hz 8.43(29) 17.6(16)

Pk Hz —1.40(16)

Ok Hz —0.0196(18) —0.0591(57)
Number of FIR lines 649

Number of MW lines 353

rms FIR cm™! 42 %107

rms submm kHz 51.8

o 0.963

N  ,K' 15,9

max? a,max

Number in parenthesis are one standard deviation in units of the last quoted digit. [a] The

values, originally reported in cm™

1

, are converted to MHz.

1

of magnitude smaller than their resolution of 0.0075 cm™", while the errors reported in Ref. [96]
were retained. A total of 58 spectroscopic parameters could be determined from the analysis of

more than 1000 distinct frequencies. Their values are reported in Table 4.18—4.20 and compared
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Table 4.19: Fine-structure spectroscopic parameters determined for NHD.

Constant Unit Present work Ref. [96] Ref. [95]*

€ua MHz —7043.123(16) —7043.180(27) -7041.0(12)
€ MHz —1149.383(17) —1149.38(9) —1150.96(45)
€cc MHz 7.809(17) 7.82(8) 8.7(11)
(€ + €4)/2 MHz 1088.64(60) 1093.9(11) 1056(7)
Centrifugal distortion

Afv MHz 0.12026(78) 0.1187(20) 0.140(9)
AfmmK MHz 0.2401(87)

AfVK MHz 1.77(35) 0.234(13)

Af( MHz 16.2441(91) 16.245(12) 16.16(21)
615\, MHz 0.06300(30) 0.0640(7) 0.075(8)
5;2 MHz 0.9553(83) 0.96(4) 1.20(11)
(Df( MHz —0.06755(59) —0.0634(7) —0.0570(45)
Lf< kHz 0.2270(96) 0.135(30)

Number in parenthesis are one standard deviation in units of the last quoted digit. [a]
The values, originally reported in cm™!, are converted to MHz.

with the results of former studies.

All the observed transition frequencies could be fitted within their experimental uncertainty:
the weighted deviation of the fit is close to one (o0 = 0.96) and the rms error is 0.052 MHz
for transitions in the mm-/submm-wave region and 4.1 x 10~ cm™! for those in the FIR (1.9 x
10~* cm™"). While the studies of Morino et al. [95] and Kobayashi et al. [96], published almost
simultaneously, provided two different sets of constants relying on different data sets, our global
analysis comprises all those transitions, in addition to a larger set of submm-wave and FIR data.
To this respect, a more comprehensive set of spectroscopic constants is produced in this work.
Overall, the rotational, centrifugal distortion, and fine-interaction constants of Table ?? are now
refined, and their values agree well with those reported previously by the cited authors. Still,
some sporadic discrepancies are present, e.g., the ®yx constant determined in Ref. [95] is two
times larger than ours and has opposite sign. The hyperfine-interaction parameters are almost
identical to those of Ref. [96], because the magnitude of the hyperfine coupling effect decreases
with the increase of the rotational quantum numbers involved in the transitions. Nonetheless,
23 hyperfine constants (2 more than in [96]) were determined with high accuracy.

424 “ND,

The rotational spectrum of ND; radical in its ground vibrational state has been investigated in se-

lected frequency regions between 588 GHz and 1.13 THz using the source-modulation millime-
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Table 4.20: Hyperfine spectroscopic parameters (MHz) determined for NHD.

Constant Atom This work Ref. [96]

ar (N) 28.1077(71) 28.124(10)
AKap (N) -0.0157(12)
T, (N) —43.3319(77) —43.329(8)
Ty, (N) -44.2125(97) -44.218(11)
T (N) 0.5502 0.550*

Xoaa (N) —0.288(13) -0.297(14)
Xpp — Xee)  (N) —6.738(28) —6.725(32)
X (N) 1.3702 1.3702

Cua (N) 0.3486(33) 0.3505(37)
Cup (N) 0.0738(29) 0.0742(37)
Xoa (D) 0.167(15) 0.143(40)
(Xop = Xee) (D) 0.100(44)

ar (D) —10.230(10) —10.229(13)
T, (D) 8.0530(91) 8.052(10)
Ty (D) -7.251(13) -7.251(14)
T (D) 6.1(14) 6.7(14)
Cua (D) 0.0482(34) 0.0491(36)
ar (H) —67.128(11) —67.116(13)
T (H) —23.305(31) —23.254(24)
Ty (H) 28.460(23) 28.434(22)
T, (H) -47.9(19) —48.7(20)
AXT,, (H) -0.122(16) —0.0621(51)
AT, (H) 0.0192(69)

Cua (H) 0.0844(75) 0.1152(64)
Cup (H) 0.0864(50) 0.1042(60)
Cec (H) —-0.0157(48)

Number in parenthesis are one standard deviation in units of

the last quoted digit. [a] Kept fixed.

ter/submillimeter wave spectrometer described in Section 3.1. The ND, radical was produced
within the electrical glow-discharge system. A mixture of ND3 (5-7 mTorr) and Ar (20 mTorr)
was used, as in Ref. [100]. Typically, a discharge current of 70 mA and a voltage of about 1 kV
were maintained between the electrodes while recording the spectrum. The absorption cell was
cooled continuously just above the freezing point of ammonia with liquid nitrogen, in order to

avoid an excessive overheating of the two electrodes. The estimated uncertainties of the mea-
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surements are 50 kHz in most cases, 100 kHz in a few cases. The accuracy depends on the S/N
of the observed spectrum and on line-blending due to unresolved hyperfine components.
Besides the study of the ground vibrational state, we decided to study the ND, radical in the
first vibrational excited level, i.e., the v,=1 state. With this respect, the ro-vibrational band (010)
was recorded with the FT-IR spectrometer located at the AILES beamline (§3.5). The apparatus
was used in the same configuration described in §4.1.5, the only exceptions being the radiation
source used. At these frequencies, the performances of the synchrotron light and a standard
Globar source are similar, so the latter was employed.

The initial predictions of the pure rotational spectrum were made using the Pickett’s program
SPCAT [46] with the constants derived by Kanada et al. [100]. The production of ND, was
optimized by observing the J = 0 < 0 component of the N = 1,y < 1¢; transition. Then, the
fine components of new eight rotational transitions were recorded and their hyperfine structure
could be easily assigned thanks to the already known hyperfine-interaction parameters. Sixty-
four distinct frequencies were measured and analyzed in a weighted least-squares procedure, in
which previous data (millimeter/submillimeter, MODR and FIR studies) were included. In this
procedure, performed with the Pickett’s program SPFIT [46], the mm and submm lines previ-
ously measured in Ref. [100] were given uncertainties of 50 kHz, whereas the FIR data [95]
were given uncertainties of 0.0007 cm™! (as in the analysis of NH, [92]), in accordance with
the residuals from the original papers. For the MODR data [99] the same uncertainties given in
the original work were assumed (typically 0.5 MHz). Surprisingly, the older sets of frequency
data were never analyzed simultaneously, so that different sets of spectroscopic constants, not
fully consistent, have been reported in the literature for ND,. The present global analysis allows
to obtain spectroscopy constants which are compatible with the entire body of rotational data
available for this radical. Moreover, we were able to complete and/or correct previous assign-
ments. As far as MODR data are concerned, about 20% of the observed transitions were not
considered in the fit of Ref. [99] because of the failure to unambiguously assign their hyperfine
components. Our more extensive data analysis allowed us to overcome this difficulty, so that
a large number of previously unused MODR frequencies could be included in our fit. Further-
more, during the merging process some FIR transitions appeared to be misassigned, so they
have been reassigned correctly in this study. In particular, a few transitions with N > 10 had
been wrongly assigned as AK, = +3 instead of AK, = +1. In the final fit, unresolved lines were
treated using the intensity-weighted average of the individual components involved. A total
number of 41 ground-state spectroscopic constants were included in the least squares analysis,
giving a satisfactory dimensionless standard deviation of 0.87.

Tables 4.21-4.23 show the list of spectroscopic parameters determined in the present work,
where they are compared to those obtained previously.

In general, all derived parameters are determined with higher precision than in the previous
works: for instance, the standard errors of the rotational constants are one order of magnitude

lower and the hyperfine constants are three times more precise. This is mainly due to the simul-
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Table 4.21: Rotational spectroscopic parameters derived for '“ND, in the ground vibrational
state.

Constant Unit This work Previous mm-wave * Previous FIR °
A MHz 399989.5534(87) 399985.879(81) 399993.9(19)

B MHz 194498.192(15) 194488.65(16) 194498.1(10)

C MHz 128610.445(15) 128613.987(57) 128610.0(13)
Centrifugal distortion

An MHz 7.86074(33) 7.323(10) 7.839(11)
Ank MHz —33.4838(26) —-33.812(25) —33.388(42)
Ag MHz 198.7064(57) 196.771(33) 198.783(84)
oN MHz 3.08080(20) 3.03¢ 3.0858(36)
Ok MHz 8.5567(82) 6.300(39) 8.279(29)
Dy kHz 1.4776(80) 1.376(35)
Dk kHz —-6.28(31) —-5.606(35)
Dgy kHz —43.70(98) —43.45(96)
()% kHz 320.34(90) 321.0(23)

oN kHz 0.7224(33) 0.740(14)
ONK kHz —-0.834(99) -1.01(21)
ok kHz 65.9(13) 33.37(65)
Lixxxn kHz 0.0834(14) 0.0707(38)
Lk kHz —-0.7022(85) —0.694(26)
Ix kHz -0.1230(33) —-0.0311(16)
Mg Hz 1.069(38) 1.08(10)
No. of MW lines 182

MW rms error kHz 51.0

No. of IR lines 181

IR rms error cm™! 6.9 x 10~

No. of MODR lines 198

MODR rms error MHz 0.376

o 0.87

Number in parenthesis are one standard deviation in units of the last quoted digit. [a]
Ref. [100]. [b] Ref. [95]. The values, originally reported in cm™!, are converted to MHz. [c]
Fixed in the analysis.

taneous analysis of MW spectroscopy measurements (high frequency precision and resolving
power) with FT-FIR data (large range of N and K, quantum numbers). The newly determined
values of the spectroscopic constants agree well with those previously reported by [95, 100],

the only exceptions being ¢x and [g. This discrepancy should be ascribed to the reassignment
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Table 4.22: Fine-structure spectroscopic constants derived for *ND, in the ground vibrational

state.

Constant Unit This work

Previous mm-wave ? Previous FIR ®

€ua MHz —-5128.126(22)
€ MHz  -668.697(18)
€cc MHz 3.462(17)
Centrifugal distortion

A, MHz 0.07613(57)
Ay v.ve MHz —0.9498(57)
ANk MHz 1.05(20)

AL MHz 9.8548(76)
&y MHz 0.03843(36)
55 MHz 0.1005(59)
- kHz 3.76(51)

Oy kHz -23.10(81)

-5127.81(11) —5127.71(41)
—668.507(78) —-668.76(16)
3.413(63) 3.23(12)
0.0469(66) 0.0779(29)
-0.967(81) —-0.875(29)
9.587(66) 9.476(99)
0.0353(16)
0.0356(45) 0.150(36)
—-15.36(72)

Number in parenthesis are one standard deviation in units of the last quoted digit.
[a] Ref. [100]. [b] Ref. [95]. The values, originally reported in cm™!, are

converted to MHz.

Table 4.23: Hyperfine-interaction parameters (MHz) derived for '“ND, in the ground vibra-

tional state.

Constant  Atom This work Previous mm-wave ?
ar (N) 28.0577(122) 28.055(33)
T (N) —43.1451(183) —43.136(48)
Ty (N) —44.2715(213) —44.277(63)
Cua (N) 0.2660(75) 0.269(27)
Cup (N) 0.0458(55) 0.045(21)
Cee N) 0.0145(64) 0.019(22)
ar (D) —-10.2446(103) —-10.241(28)
T o (D) 2.8536(168) 2.874(45)
Ty (D) -2.0916(247) —2.108(69)
Xua (N) 0.2191(297) 0.213(84)
Xpp (N) —3.744(34) -3.75(11)

Number in parenthesis are one standard deviation in units
of the last quoted digit. [a] Ref. [100].
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process of some FIR transitions (see above).

As far as the v,=1 state of ND, is concerned, a set of spectroscopic constants was available
thanks to the LMR experiment of Hills & McKellar [98], but the rest frequency of the measured
transitions were not given because of the nature of the LMR experiment. So, to predict the
infrared band of the D—N-D bending mode, we used the parameters reported in Ref. [98] in
combination with the newly determined ground state constants (Tables 4.21-4.23). The sym-
metry of this vibrational state is A’. Consequently, the vibronic wavefunction has the same
symmetry of the ground vibrational state. The spin-statistics discussed in §4.2.2 is still valid.
The ro-vibrational spectrum of the (010) band is pretty much dominated by the strong absorp-
tions of the precursor (ND3), which hide nearly half of the transitions we expected to see for
ND,. Nonetheless, a large set of distinct frequencies (~ 200) could be observed and success-
fully analyzed. At the condition used to record the spectrum, they exhibit absorption around
5 % (the signals due to the precursor saturate most of the time). Considered the density of the
lines within the spectrum, it is pointless to show an overview of the band. Instead, a simulation
of the ND, spectrum where observed transitions are highlighted is given in Figure 4.9.

—— Observed

— Unobserved

Intentisity / a.u.

|’.1. MII |l Ll

900 1000 1100 1200 1300 1400

P

Wavenumbers / cm'!

Figure 4.9: Simulation of the v, band of ND, at 298 K. Red and black sticks represent observed
and unobserved transitions, respectively.

The ro-vibrational transition frequencies were added to the dataset described earlier and the
analysis was performed fitting 16 additional parameters for the v,=1 state. They include the
vibrational energy E,, the rotational constants and some centrifugal distortion terms up to the
sixth-order, the electron spin-rotation constants and their main K? dependence (Af(). The results
obtained for the excited state parameters are given in Table 4.24 and compared with the previous
study [98].
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Table 4.24: Spectroscopic parameters of ND; in the v, = 1 state.

Parameter Unit This Work Previous LMR?
E, cm™! 1108.74371(15) 1108.7493(7)
A MHz 426754.4(24) 426755.2(63)

B MHz 196398.07(62) 196430.9(33)

C MHz 127046.26(33) 127035.0(42)
Ay MHz —8.4906(65) -9.003(96)
Ank MHz 40.90(11) —40.81(28)
Ak MHz —284.26(25) —286.0(10)
on MHz —3.4134(32) —3.759(54)
Ok MHz —16.182(85) —16.998(57)
Oy kHz 1.478°

Dyvk kHz —11.1(17)

Dyxn kHz —43.69°

O MHz 0.5546(67) 0.82(10)
dn kHz 0.7223°

ONk kHz -0.8382°

bk kHz 0.0584(96)

€ua MHz -6187.4(55) —-6088(21)

€ MHz —701.5(15) —727.9(81)
€c MHz 5.01(90) 15¢

Af\, MHz 0.0761°

Af(N+NK MHz —0.9498°

AISVK MHz 1.046°

Af( MHz 15.01(32) 8.6(14)
6;9\, MHz 0.1006°

6}9( MHz 0.0384°

No. of lines 191

rms cm™! 5.0x%x107*

o 1.00

Number in parenthesis are one standard deviation in units of the last
quoted digit. [a] Ref. [98]. [b] Fixed to ground state value. [c]
Fixed in their analysis.

The agreement between the two set of parameters is generally good but our precision is from
2 to 5 times higher. A further improvement can only be obtained by measuring pure rotational

transitions within the v, = 1 state.
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4.2.5 ND,

The rotational spectrum of '’ND, radical has been investigated up to the THz region by means
of the Bologna millimeter/submillimeter spectrometer (Section 3.1). The SND, radical was
produced in the positive column of a DC glow discharge. Initially, a mixture of '°N, (5 mTorr),
D, (1-2 mTorr) and Ar (15 mTorr) was used. These conditions are similar to those employed
to produce the imidogen radical '"ND (see Section 4.1.6). In fact, both molecules are produced

but with different abundances, as shown in Fig. 4.10.

* * * k *
ol "WW - “‘Vv'"w WW
487.465 487.485 487.505 487.525 487.545 487.565 487.585 487.605

Frequency / GHz

Figure 4.10: Observed spectrum of the J = 7/2«7/2 component of the 3,33 transition for
SND,. The asterisks mark the ">’ND lines.

Afterwards, '""'NDj3 (5-7 mTorr) in argon (20 mTorr) as buffer gas was used as precursor, in
agreement with Kanada er al. [100], which indeed proved to be the most efficient way to
produce "ND,. The typical discharge conditions were given by a current of 70 mA and a
voltage of about 1kV. The absorption cell was cooled with liquid nitrogen at about 250 K, in
order to avoid excessive overheating of the electrodes.

For the previously unstudied '"ND, species, we detected 354 transitions, corresponding to 180
different frequencies, in the range 264-1051 GHz with 0<N<5, 0<K,<3 and 0<K.<4. The
sample of observed transitions is graphically summarized in Figure 4.11, while the 1;;<0
transition is shown as example in Figure 4.12.

Not all the components of a single N; <N ;(’ K transition could be resolved. The unresolved
lines were included in the fit with the same frequency and fitted as a single blended line with
intensity-averaged components as performed by Pickett’s program SPFIT [46]. The uncer-
tainty associated to the experimental frequencies was chosen case-by-case and was either 50 or

100 kHz. Twenty nine parameters were determined from the fit and they include: the rotational
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Figure 4.11: Schematic representation of rotational energy levels (without fine and hyperfine
structures). Transitions recorded and analyzed in this work are marked by red (R type) and blue

(Q type) arrows.

520.635 520.646 520.657 520.668 520.679 520.69
Frequency / GHz

Figure 4.12: Observed spectrum of the J= 1.5«0.5 fine structure component of the 11«0
transition for '’ND,. The hyperfine components are indicated.

constants A, B, C; all the quartic centrifugal distortion constants; four sextic centrifugal distor-

tion constants (Oyg, Py, Pk, ¢dk); the electron spin-nuclear rotation constants (g;), their quar-
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tic centrifugal distortion parameters and one sextic term (®3); the electron spin-nuclear spin
constants for nitrogen and deuterium [ar('°N), ap(D), T;;(*°N), T;;(D)]; the nuclear rotation-

nuclear spin parameters for nitrogen [C;("’N)]. The parameters from the final fit are collected
in Tables 4.25-4.27.

Table 4.25: Rotational spectroscopic constants derived for '’ND,.

Constant Unit Value

A MHz 394064.890(10)
B MHz 194501.561(84)
C MHz 127983.466(94)
An MHz 7.8519(14)
Ank MHz —33.090(12)
Ag MHz 193.165(20)
N MHz 3.08571(50)
Ok MHz 7.992(54)
Dy kHz 1.4712
Dk kHz —11.5(16)
Dgy kHz —28.2(48)

Dy kHz 294.6(30)

dn kHz 0.7199*
dnk kHz —-0.8457*

ok kHz 38.1(77)
No. of lines 180

o 0.82

rms kHz 56.1

Number in parenthesis are one standard
deviation in units of the last quoted digit.
[a] Kept fixed in the analysis. See text
for details.

The centrifugal distortion and hyperfine constants reported in Tables 4.25-4.27 without error
could not be refined and were held fixed in the fitting procedure. The fixed centrifugal distor-
tion parameters were constrained to scaled values obtained from the corresponding literature
parameters reported for SNH, [94], '“NH, [53] and '*ND, (Section 4.2.4) according to the
scaling scheme p('°ND,) = p("*ND,)x[p('’NH,)/p('**NH,)], where p is a general centrifugal
distortion parameter. The same scaling procedure was accurate enough to be adopted to predict
the initial constants to undertake the search, since no parameters were known.

The electron-spin centrifugal distortion term A3, was fixed to the value obtained for ND,
(Table 4.22), namely 1.05(20) MHz, and not scaled because the value reported in Ref. [94]
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Table 4.26: Fine-structure spectroscopic constants derived for >’ND,.

Constant  Unit Value

€ua MHz -5051.019(24)
€ MHz  -668.643(21)
€cc MHz 3.457(17)
AISV MHz 0.0718(19)
Af(NJrNK MHz —0.9187(65)
AfVK MHz 1.05%

Ai MHz 9.609(15)
6fv MHz 0.03942(59)
65{ MHz 0.0934(57)
CD% kHz -23.2(14)

Number in parenthesis are one
standard deviation in units of the last
quoted digit. [a] Kept fixed in the
analysis. See text for details.

Table 4.27: Hyperfine-interaction spectroscopic constants derived for °ND,.

Constant Atom Unit Value
ar ("N) MHz -39.293(16)
Toa ("N) MHz  60.513(29)
Thp ("N) MHz 62.078(27)
Cua ("N) MHz -0.375(14)
Cup ("N) MHz -0.0659(80)
C,. ("N) MHz -0.02034*
ar (D) MHz -10.2469(92)
Toa (D) MHz 2.827(15)
Top (D) MHz -2.065(19)

Number in parenthesis are one standard
deviation in units of the last quoted digit.
[a] Kept fixed in the analysis. See text for
details.

for "'NH, [15.7(22) MHz] seems to be unreasonably different from both the values of >NH,
[0.950(85) MHz] [53] and ND,. The C..(**N) constant could not be determined in the fit. Since
the magnetic hyperfine parameters are directly proportional to the nuclear magnetic moment m
and inversely proportional to the nuclear spin /, it was constrained to the value reported for ND,
(Table 4.23) multiplied by [m('>N)/I(>N))/[m(**N)/I(**N)], namely -0.02034 MHz. The values

71



of the nuclear magnetic moments of >N and “N were taken from Ref. [104]. Also, the deu-
terium quadrupole constants could not be obtained from the fit. Indeed, the only literature value
of yp for ND, [100] was not determined [0.01(20) MHz]. The electron spin resonance (e.s.r.)
spectrum of '°ND, in matrix has been recorded in 1970 by Smith & Seddon [105]. The authors
reported the values of the isotropic hyperfine parameters Ap and Aisy, 3.9 and 21.3 G respec-
tively, as determined from their analysis. Such values, after conversion from Gauss to MHz, are
calculated to be Ap= —11.0 MHz and Aisy=—59.8 MHz. The first term is in excellent agreement
with our value for ap(D), —10.2469(92) MHz, while the second one is fairly different from our
ap(?'N)=-39.293(16) MHz. This partial agreement is due to the intrinsic differences between
our gas—phase spectra and a condensed phase e.s.r. experiment, which strongly depends on the
matrix, as pointed out by Smith & Seddon [105].

The overall quality of our fit is very satisfactory and the rms error is 57 kHz. Because of the
fewer number of observed transitions, the set of determined parameters is less extended than
that of '“ND,, where 41 constants, including octic centrifugal distortion terms, were obtained
from the analysis. It is however a fairly complete set of spectroscopic constants from which

highly accurate predictions of unobserved rotational transitions can be calculated.

4.2.6 Outlook
Among the isotopologues of the amidogen radical, only the doubly substituted '’NHD remains

to be investigated.

j\’:’ﬂm}‘ = 211 - 202

BNHD
J=3/2 « 3/2

Intensity / a.u.

| | ||| ||| | ‘ Lo “‘u ‘ | |

509.850 509.905
Frequency / GHz

Figure 4.13: Experimental (black trace) and simulated (red sticks) spectrum of '"NHD, as
observed while DC discharging '’ND; with H, in Ar as buffer gas.

Few transitions of its rotational spectrum have been already detected (see Fig. 4.13) and are
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currently being analysed. The remaining transitions in the operating frequency range of our
spectrometer will be observed and the analysis finalized.

Meanwhile, a standard proposal at SOLEIL synchrotron whose aim is to record the FIR spec-
trum of ""NHD has been accepted and scheduled for November 2019, 25" to 29". In that
experiment, the pure rotational spectrum of '"NHD will be recorded for the first time between
50 and 300 cm™" with an accuracy better than 1x10~* cm™'. As already demonstrated for '*NH,,
“NHD, and '°NH,, the analysis of the observed transitions will enable an extended centrifugal
study of this species. A further paper will be produced pertaining the pure rotational spectrum
of '’NHD and submitted to the Physical Chemistry Chemical Physics journal. Eventually, the

semi-experimental equilibrium structure will be evaluated for the amidogen radical.
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4.3 Deuterated cyanoacetylene

During the first months of PhD activity I was involved in the measurements of the rotational
spectrum of HC3N, a project which was close to its final stage and conducted by Dr. L. Bizzoc-
chi and Dr. F. Tamassia. That work has been published within my first year of PhD school:

e L. Bizzocchi, F. Tamassia, J. Laas, B. M. Giuliano, C. Degli Esposti, L. Dore, M. Melosso,
et al., “Rotational and high-resolution infrared spectrum of HC;N: Global ro-vibrational
analysis and improved line catalog for astrophysical observations,” Astrophys. J. Suppl.
S., vol. 233, issue 1, no. 11 (20pp), 2017 [125].

After the study of the main isotopologue of cyanoacetylene, we decided to study its deuterated
version DC3N, a species of astrophysical interest and for which the spectroscopic knowledge
could be remarkably improved. This project started in my second year and is where I have put

a lot of effort into. My contribution to this work can be summarized as follow:

conceptualization and literature/data searches;

e measurements of all the infrared spectra and about half of the millimeter/submillimeter

spectra;

data assignment and analysis, with the generous help of Dr. Filippo Tamassia;

e manuscripts writing (ongoing);

4.3.1 Introduction

Cyanoacetylene (HC;N, also known as propynenitrile) is the simplest member of the family of
cyanopolyynes, i.e., linear molecules with general chemical formula HC,,,,;N. This compounds
are chemically stable under certain conditions only, e.g., in the solid state at low temperature or
in the gas-phase at low pressure. Since these conditions are both satisfied in Space, and because
of their high degree of insaturation, cyanopolyynes are widespread in the interstellar medium.
Indeed, the presence of several carbon-chain molecules is among the most characteristic features
of the chemical composition of starless cores [3]; the Taurus Molecular Cloud (TMC-1), for
instance, is one of the brightest source of carbon-chain species. Cyanoacetylene was found to
be an abundant species in a variety of astronomical object: in starless cores [106], post-AGB
objects [107], carbon-rich circumstellar envelopes [108], massive star-forming regions [109],
protoplanetary disks [110], and solar-type protostars [111]. Moreover, its recent detection in
comets has highlighted its astrobiological potential [112].

The deuterated form of cyanoacetylene DC3;N has been detected in the ISM as well. As pointed

out in Section 4.1.1, deuterium fractionation (or D/H ratio) is very useful to understand the
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scenario of the origin and evolution of planetary systems [74]. The first astronomical obser-
vation of DC3N has been reported towards TMC-1 [113] by the detection of emission from its
J =5 — 4 rotational transition around 42 GHz. Successively, DC;N has tentatively been de-
tected in the high-mass star-forming regions Orion KL [114] and Sagittarius B2 [115]. In these
regions, deuterium fractionation is not as effective as in dark clouds, thus preventing a strong
enhancement above the deuterium cosmic abundance. Very recently, DC;N has been detected
for the first time in the solar-type protostar IRAS 16293-2422 [111]. In the latter case, the
cyanoacetylene deuteration reaches 50% in the outer and cold envelope, but is lower (5%) in
the warm inner region. All these detections relied on laboratory spectroscopic studies reported
earlier.

Microwave transitions of DC3;N were firstly reported for the ground and four lowest singly-
excited states [116], during the course of an extensive study of cyanoacetylene isotopologues.
A large number of vibrational excited states was re-examined in depth some years later [117]
and a rigorous determination of the effective molecular parameters attained. Lately, the labo-
ratory investigation of the rotational spectrum of DC3;N has been extended to the THz regime
for the ground and the v; = 1 states [118]. In the same paper, the authors revised the “N
and D hyperfine structure derived in Refs. [119, 120] using a supersonic-jet Fourier-Transform
Microwave (FT-MW) spectrometer.

As far as its infrared spectrum is concerned, position and intensity of all fundamentals (besides
the weak v4 mode) has been determined in low resolution (0.5 cm™") IR studies [121, 122].
Some combination and overtone bands were also observed in the same work. Two medium
resolution (0.025-0.050 cm™!) infrared studies were performed by Mallinson & Fayt [123] and
Coveliers et al. [124]. In the former, the band center of the three stretching modes of DC3N
(namely vy,v,, and v3) has been determined; in the latter, the FIR spectrum was recorded be-
tween 200 and 365 cm™! and the v; fundamental analyzed together with three forbidden bands

(Vg < v, vs <« v7, and v4 < V) and their hot-bands.

It has to be pointed out that an accurate evaluation of molecular column densities from astro-
physical observations depends, among other quantities, on the value of the partition function
U(T) . Because in hot regions the value of U(T') can be affected by low-lying vibrational ex-
cited states, it is fundamental to have an accurate knowledge of the energy of ro-vibrational
levels. Such detailed analysis has been reported for HC;N [125] and its '°N-isotopologue [126]
only.

In this thesis, a detailed investigation of the infrared and submillimeter-wave spectra of DC;N
is reported. Pure rotational transitions of all the vibrational states with energy lower than 1015
cm~! have been detected and 14 fundamental, overtone, combination, and hot ro-vibrational

bands have been analysed.
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4.3.2 Experiment

The DC;N sample was kindly synthesized by Dr. J.C. Guillemin following the procedure de-
scribed in Ref. [122]. Briefly, propiolic acid (HC=CCOOH) was added dropwise to a cold so-
lution of sulfuric acid (H,SO,) and absolute methanol (CH;OH) and the reaction mixture was
stirred for four days. After that period, a saturated solution of NaHCO; was added to the reac-
tion mixture. The obtained ester (HC=CCOOCHj;) was extracted from the organic phase and
vacuum distilled from the acid. In the second step, the ester was added dropwise to liquid am-
monia and is 100% converted in HC=CCONH,. Successively, the propiolic amide was mixed
along with phosphorous anhydride (P,0Os) and calcinated white sand; the whole system was
heated up to 225°C over 2 h and connected to a liquid nitrogen-cooled trap. Once cyanoacety-
lene had been synthesized and collected into the trap, it was added to a mixture of heavy water
(D,0) and potassium carbonate (K,CO3) in inert atmosphere. The biphasic mixture was then
stirred for about 20 min.

Subsequently, d-cyanoacetylene was condensed in a 77 K cooled trap, while water was con-
densed in a 220K trap. The operation was repeated 3 times by addition of D,O and K,CO;
to the condensed d-cyanoacetylene. Residual D,O was removed by addition of phosphorous
pentoxide (P4O,9) and DC;N condensed in a trap cooled at 150 K. d-cyanoacetylene can be
indefinitely stored at -25°C without decomposing. The synthesis process can be summarized as

follow:

HCCCOOH + CH;OH —s HCCCOOCH; + H,0 (4.32)
HCCCOOCH; + NH; — HCCCONH, + CH;0H (4.33)
HCCCONH, 22, HCCCN (4.34)

HCCCN 222, DCCON (4.35)

Rotational spectra of DC;N have been recorded with the Bologna submillimeter-wave spec-
trometer (Sec. 3.1) and with the CASAC spectrometer (Sec. 3.2). The former was used in the
region 240—-400 GHz with a single-pass configuration. Depending on the vibrational states to
be observed, the DC;N vapor was injected in the cell at a pressure between 0.5 and 15 bar. A
48 kHz modulation frequency f was used to record spectra in the 2f scheme. The CASAC
spectrometer was used in the region around 90 GHz and at frequency above 400 GHz. Four
broad scans (~ 2.5 GHz) of four consecutive transitions (J = 9 — 12) were initially performed to
facilitate the assignment of each excited state. Afterwards, transitions were recorded at higher
frequencies line-by-line.

The infrared spectra in the 450-1600 cm™! range were recorded in Bologna using the Bomem
DA3.002 Fourier-Transform spectrometer described in Section 3.4. It was equipped with a Glo-
bar source, a KBr beam splitter, and a liquid N,-cooled HgCdTe detector. A multi-pass cell with

different absorption base-lengths from 4 m to 8 m was employed for the measurements. Sample
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pressures ranging between 0.25 and 6 mbar were used to record the spectra. The resolution

was generally 0.004 cm™!

, except for the very weak v, band, which was recorded at a lower
resolution of 0.012 cm™'. Several hundreds of scans, typically 800, were co-added in order to
improve the S/N of the spectra. The absolute calibration of the wavenumber axis was attained

by referencing ro-vibrational transitions of H,O and CO,.

4.3.3 Theory

From a spectroscopic point of view, DC3N is a closed-shell ('2) linear rotor. It has 7 vibrational
modes, 3 of which are doubly-degenerated bending (E symmetry). The other 4 are stretching
modes (A symmetry). They are summarized in Table 4.28.

Table 4.28: Vibrational modes of DC;N.

Modes Description Energy Abs. intensity

(cm™) (amt~'cm™?)

Vi C-Dstretc.  2608.520(3)* 81.3+5.7°

123 C=Cstretc.  2252.155(3)* 50.5 £ 2.4°

V3 C=Nstretc.  1968.329(3)* 38.7 +4.0°

V4 C-C stretc. 867.63(7)° <0.14

Vs CCD bend.  522.26378(2)° 83.8 +4.7°

1 CCCbend. 492.74876(2)° 106. + 8°

V7 CCN bend. 211.54950(4)° 0.89 +0.11¢

[a] Ref. [123]. [b] From low-resolution integrated
band-intensity measurements at 296 K (Ref. [122]). [c]
PhD work. [d] From low-resolution integrated
band-intensity measurements at 293 K (Ref. [121]).

For my PhD thesis, I have decided to focus on the low-lying vibrational states for two main
reasons: (i) only the states with low energy are of astrophysical interest and (ii) the states above
our threshold of 1015 cm™" are involved in the several resonances, while the states below that
threshold are either unperturbed or belong to a small polyad of resonant levels. Therefore,
the stretching modes vy, v,, and vs, lying above this threshold, have not been investigated A
given vibrational state can be unequivocally labeled using the notation (vg, v5 ,v6 , )e /5> Where
[, quantum numbers label the vibrational angular momentum associated to each bending mode
t and the e/f subscripts indicate the parity of the symmetrized wave functions [127]. The
ro-vibrational wave-functions can be symbolized with the ket |v4, v5 , Ve , v7 A k> . The vibra-
tional part of the wave-function is expressed as a one- or two-dimensional harmomc oscillator,
whereas the rotational part is the symmetric-top wave-function whose quantum number & must

follow k =I5 + lg + [;. The following Wang-type linear combinations [128] lead to symmetry-
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adapted basis functions:

|v4,v5 ,v6,v7,Jk> {|v4,v5,véﬁ,v7,]k>+( l)k|v4,v5 ,v6 ,v7 T J, k>} , (4.36a)

1
V2
[v4, 07, 0°,0% 7,0) = [va, 0°,0°,0% J,0) . (4.36b)

The upper and lower signs (+) correspond to e and f wave-functions, respectively. For X states

(k = 0), the first non-zero /, is chosen positive. The omission of the e/ f label indicates unsym-

metrised wave-functions.

The Hamiltonian used to reproduce the ro-vibrational energy levels is:
H = %v + %—type + Hes (4.37)

where 7, is the ro-vibrational energy including centrifugal distortion corrections, J#7_yp rep-
resents the /-type interaction between the / sub-levels of excited bending states, and .7 ac-

counts for resonances among accidentally quasi-degenerate ro-vibrational states.

The Hamiltonian matrix is built by using unsymmetrised ro-vibrational functions. It is sub-
sequently factorized and symmetrized using Eqgs. (4.36). The matrix elements of the effective
Hamiltonian are expressed using the formalism already employed for the analysis of HC;N
[125]. Here, the following shorthand will be used:

fo(Lk)y=JWJ +1) -k, (4.382)
Sfen( k) = n JU+1D-[kx(p-DIk+p). (4.38b)
p=1

The H,ip term of the Hamiltonian is purely diagonal in all the quantum numbers. It has the

form:
(Is,ls, ls k| A, s, ls, 173 k) = Gy + Yxpanl? + 3 Xpanlily
t t#t

+ {Bv + Xdjranl] + ZdJL(tt’)ltlt’} Jol, k) = Dy fo(J, K)* + H, fo(J, k) + Lofo(Lk)* . (4.39)
t t#t’

The 7]_iyp. Hamiltonian is diagonal in v, but it has off-diagonal matrix elements in the quantum
numbers /; and with Ak = 0, £2, +4. The vibrational /-type doubling terms with Ak = 0 have

the general formula

Lx2,1y F 25k f%—type iy s k) = Valry + rw s J(J + 1)}
X AN FL L+ 20y Flo +2)(ve £1,). (4.40)
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The rotational /-type resonance terms with Ak = +2 are given by

(£ 2k £ 20 A aype 13K = (g0 + g I ( + 1) + qus P + 17
X N0 F ) = [+ 2N all k), (441)

The terms with Ak = +4 are

(o 4k + 4 A ype 1 ky = art {0 F L)y % b+ 2)0; F L= 2)01 £ L+ DY fra (U K)
(4.42)

L2, 2k + 4 %—type L, Ly k) = Yau {(ve F L) (v £ 10 +2)
e F DO £ 1+ 2V full k). (443)

The terms of the effective Hamiltonian for the ro-vibrational resonances can be written as

Hies = ) ConL"J", (4.44)

where C,, is the resonance coeflicient, m the total degree in the vibrational ladder operators
2*, and n the total degree in the rotational angular momentum operators J [129, 130]. See

Ref. [125] for the matrix elements of the resonance Hamiltonian %.

4.3.4 Infrared spectrum

Although the infrared spectra were recorded in the 450-1600 cm™! frequency range, our analy-
sis was limited to the portion of the electromagnetic spectrum below ~ 1040 cm™', because of
the reasons explained in §4.3.6. The highest energy state within our threshold of 1015 cm™! is
the |0110) state, whose combination band falls in the region 999-1035 cm™!. In total, 14 fun-
damental, overtone, combination, and hot-bands have been observed for the first time at high
resolution and successfully analysed. They are listed in Table 4.29 along with the observed
sub-bands, frequency, J ranges, number of data used in the analysis, and the rms error from the
final fit.

A general overview of the spectrum between 450 and 800 cm™! is shown in Figure 4.14.

The MIR region is dominated by the very strong fundamentals v¢ and vs. This region is partic-
ularly crowded due to the proximity of the two fundamentals, the presence of their associated
hot-bands, and of the v4 fundamental band of HC;N (see Fig. 4.15).

Having a medium IR intensity, the combination bands v¢ + v7 and vs + v; are well visible in the
right-part of the spectrum as seen in Fig. 4.14. The overtone 2v¢ and the combination vs + ve
bands are centered around 975-1018 cm™! and 999-1035 cm™!, respectively, and are clearly

detectable as well, despite the presence of strong absorption lines due to HDO. The very weak
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Table 4.29: Ro-vibrational bands recorded and analysed in this work.

Band Sub-bands  Freq. range Jrange No. of lines rms x 10*
(cm™) (cm™)
Ve m-x+ 466-522  2-109 267 33
Ve + V7 — Vg (Z*,A)—-I1  478-508  5-56 329 6.7
Ve +2v; «—2v; II-(X",A) 476-512  12-65 93 3.5
2v < Vg > 11 500-519  10-68 43 7.1
Vs m-x 500-557  0-117 255 33
Vs 4+ vy «— vy X",A)-I1  505-545 2-75 464 4.4
vs+2v; «2v; I1—-(25,A) 505-542 2-82 106 53
Ve + V7 -z 686-736  1-89 166 2.5
Ve+2v; v, II-11 690-718  4-53 153 4.7
Vs + vy Xt-xt 715-769  1-105 170 3.0
vs+2v; «—v;  I1-11 721-748  2-45 296 4.1
V4 -z 830-865  0-61 109 9.6
2ve DI 975-1018  2-101 141 5.2
Vs + Vg -z 999-1035  3-63 102 3.8

(< 0.1 atm™! ¢cm™2) v, fundamental at 830-865 cm™! had to be recorded at higher pressure
(4 mbar) and lower resolution (0.012 cm™"). In this case, up to 2600 scans were co-added to

improve the S/N of the spectrum (Fig. 4.16).

4.3.5 Rotational spectrum

Rotational spectra were recorded for all the 14 states whose vibrational energy do not exceed
our threshold of 1015 cm™!. Literature data were available for some of these states, as already
pointed out in Section 4.3.1. However, line positions of some millimeter-wave transitions from
Ref. [116] are affected by large uncertainties (up to 300 kHz) and many data are limited to
low frequencies. For these reasons, we decided to re-investigate and extend the spectrum all
these vibrational states. The biggest improvements have been realized for the interacting states
[1000), |0110), |0020), and |0004), for which extended data-sets were obtained. Remarkably,
the vs = vg = 1 state has first been observed in this study and it was not included in the analysis
of the resonant system of Ref. [117].

Table 4.30 summarizes the body of rotational data used in the analysis, specifying the observed
sub-levels, J and frequency ranges, number of distinct fitted frequencies, the rms error from the
final fit, and the corresponding references used.

Rotational lines of all states but the v, = 1 lie at frequencies higher than that of the correspond-

ing ground state transition. This can be seen in Figure 4.17, where the long scan covers the
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Figure 4.14: Survey of the infrared spectrum of d-cyanoacetylene recorded up to 800 cm™'.
The spectrum results from the co-addition of 800 scans and was recorded at 0.004 cm™ res-
olution using an absorption path of 8 m, an iris diameter of 1 mm, with DC;N at a pressure
of 0.6 mbar. The strong vs and v¢ fundamental show a prominent Q branch (saturated in the
spectrum) characteristic of IT — X* band, which is absent in the v¢v; and vsv; bands (Z* — X*
symmetry). Strong absorption lines of water and fringes due to imperfect baseline-removal are
clearly observable around 600 cm™!'. A simulated spectrum (red) of the most intense bands is
also reported.

J = 13 « 12 transitions for all the vibrational satellites. In this excerpt, the /-type resonance
patterns of all the excited bending states analysed are visible. From a visual inspection, it is
easy to associate some of these patterns to the pertaining state: the ground and v4 = 1 exhibit a
single line, while each bending state has )}, = (/, + 1) lines (even though not always resolved).

4.3.6 Analysis

The sample of pure rotational and ro-vibrational data contains more than 3600 distinct frequen-
cies for 14 vibrational states. In particular, all the ro-vibrational MIR frequencies have been ob-
served for the first time. On the other hand, rotational transitions had previously been observed
but they have been extended well into the submillimeter-wave region in this work. Moreover,
transitions with J up to 126 were recorded at THz frequencies (1.069 THz) for the ground state.
The composition and general features of the data-sets are summarized in Tables 4.29 and 4.30.
In the global fit, a different weight was given to each datum in order to take into account the
different measurement precision. Uncertainties spanning from 0.0004 to 0.00075 cm™' were
used for the infrared measurements (4 X 10™* cm™! for most transitions, around 7 x 10~ cm™!

for the weaker ones); the weak v, band being the only exception with o~ = 0.001 cm™'. As
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Figure 4.15: Portion of the infrared spectrum of DC3N around 500 cm™!, where the strong
fundamentals vs and vg are located. The experimental conditions are the same of Fig. 4.14
except for the lower pressure of DC3N (0.25 mbar) employed to reduce line saturation.
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Figure 4.16: Zoom (50 cm™! window) on the v, stretching mode. The weakness of this band
required a compromise in term of spectral resolution (nominally 0.012 cm™!). A simulation of
the band obtained with the final spectroscopic parameters is given in red. Being a ¥* — X* band,
only the P and R branches are present.

far as pure rotational lines are concerned, we assumed a typical experimental error of 10 —

20kHz for our new millimeter/submillimeter measurements: generally 10 kHz for transitions
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Table 4.30: Summary of the rotational data used in the global analysis.

State |k| J range Freq. range No. of lines rms  Reference
(GHz) (kHz)
Ground state 0 3-126 33-1069 52 13.2  TW, Ma78, P188, Sp08
v =1 Lt 5-105 50-896 67 109 TW, Ma78, P188, Sp08
ve =1 Les 7-44 67-381 42 155 TW, PI88
vs =1 Les 7-44 67-381 42 147 TW, PI88
vy=1 0 7-51 67-439 32 193 TW, PI88
v; =2 0, 2.¢ 7-44 67-383 61 21.1  TW, Ma78, P188
v; =3 (L, 3)es 7-44 68-384 77 18.8 TW, Ma78, P188
v; =4 0,2,4).r 7-48 68-419 85 25.5 TW, PI88
Ve =2 0, 2.¢ 7-44 67-382 54 447 TW, P188
ve =v7 =1 (0, 2)er 7-44 67-382 93 30.8 TW, Ma78, P188
vs=v; =1 (0, 2)e ¢ 7-44 67-382 78 20.8 TW, PI88
vs =ve =1 (0, 2)et 9-44 84-381 63 157 TW
ve =1,v; =2 (£1,3).y 7-46 68-400 95 21.9 TW, PI88
vs=1,v;=2 (x1,3)sy 944 85-383 97 171 TW
interstate 44-49 364-429 10 163 TW

Abbreviations are used as follow: TW This work, Ma78 Mallinson & De Zafra (1978) [116],
PI88 Plummer et al. (1988) [117], Sp08 Spahn et al. (2008) [118].

around 100 GHz, 20 kHz for those recorded at higher frequencies (above 240 GHz). Data from
literature were used with the uncertainty stated in the original papers [116, 117, 118]. Only few
lines from Ref. [116], whose residuals were far off their errors, were not used in our fit. The list

of discarded transitions include most of the lines measured around 127 GHz (J = 15 « 14) and
few others above 200 GHz (J = 25 « 24).

The spectral analysis was performed using a custom PYTHON code that employs the SP-
FIT program [46] as computational core (see Ref. [125] for details). The data were fitted to
the Hamiltonian presented in Section 4.3.3 and its coeflicients optimized in an iterative least-
squares procedure. Some spectroscopic parameters could not be determined from the available
experimental data. In these cases, the constant of a given vibrational level were derived from
the corresponding optimized values obtained for other levels belonging to the same vibrational
manifold considering, whenever feasible, a linear v dependence. In other cases, they were
simply fixed to zero. The spectroscopic parameters obtained from the global fit procedure are
collected in Tables 4.31-4.34.

As pointed out before, most of the states could be analysed as isolated states. Four of the four-

teen investigated states, instead, showed anomalous effects due to the existence of accidental
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Figure 4.17: 2GHz long scan of the / = 13 « 12 rotational transition of DC;N around
110 GHz. The spectrum was recorded at room temperature, with DC;N at a pressure of 0.5 bar,
RC= 3 ms, frequency step 50 kHz, FM = 120 kHz, one sweep back and forth.

Table 4.31: Spectroscopic constants derived for DC;N in the ground and v, = 1 states.

Constant  Unit Ground state vy =1
G, cm™! 0.0 867.634(67)

. MHz 4221.580842(34) 4212.262(14)
D, kHz 0.4517842(81) 0.45364(11)
H, mHz 0.03944(71) 0.039442
L, nHz -0.154(20) —0.154%

Number in parenthesis are one standard deviation in units of the last
quoted digit. [a] Kept fixed to ground state value.

resonances. They are the vy = 1, vs = v = 1, vg = 2, and v; = 4 states. The vibrational energies
in this polyad lie in the window 867-1014 cm™!' and have a molecular symmetry which allow
anharmonic interactions. The resonance system is similar to that observed for HC;N [125], the
only difference is that the vs = v; = 1 in HC;N is replaced in the polyad by vs = v¢ = 1 in
DC;N. Indeed, the most prominent difference between the HC;N energy levels and DC3;N one’s
is seen for the vs mode, which correspond to the H-C=C/D-C=C bendings. As expected, re-
placing the hydrogen atom with the heavier deuterium drastically decreases the frequency of
the vs fundamental, from 663.368484(31) [125] to 522.263782(24) cm™!.

For the states involved in this resonance system, we have a lot of experimental information. In
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Table 4.32: Spectroscopic constants derived for DC3N in singly-excited bending states.

Constant  Unit v, =1 ve =1 vs =1

G, cm™! 211.549497(41) 492.748755(23) 522.263782(24)
XL GHz 19.5438* 56.74*

B, MHz 4234.519473(30) 4229.25389(12) 4225.835798(93)
D, kHz 0.4718873(56) 0.462040(54) 0.452452(29)
H, mHz 0.08244(28) 0.0764(62) 0.03944°

L, nHz —0.154° —0.154° —-0.154°

dyL, kHz -9.975% 139.42

g MHz 5.907887(59) 3.15097(21) 2.68907(19)
qu Hz —13.653(11) —1.585(65) —1.714(58)
qus uHz 43.63(56)

Number in parenthesis are one standard deviation in units of the last quoted digit. [a] Constrained
value, see text in Sec. 4.3.6. [b] Kept fixed to ground state value.

Table 4.33: Spectroscopic constants derived for DC;N in overtone states.

Constant  Unit v; =2 v; =3 v, =4 Ve = 2
G, cm™!  422.375591(58) 632.03369* 841.98380(23) 982.979(70)
XL GHz 19.390(27) 19.1978(18) 19.0635(16) 56.73(52)
B, MHz 4247.45269(16) 4260.38130(15) 4273.30515(11) 4236.566(14)
D, kHz 0.491989(38) 0.512506(34) 0.533370(30) 0.471989(55)
H, mHz 0.03944° 0.03944° 0.03944° 0.03944°
L, nHz —0.154° —0.154° —0.154° —0.154°
dyL, kHz -10.427(42) —10.953(22) -11.3672(49) 139.5(35)

q: MHz 5.9391(50) 5.95864(14) 5.98665(34) 3.15097%
qu Hz —13.856* —14.061(46) —14.674(54) —1.584*
quy uHz 43.63% 43.63* 43.63*

Number in parenthesis are one standard deviation in units of the last quoted digit. [a] Constrained
value, see text in Sec. 4.3.6. [b] Kept fixed to ground state value.

the MIR, we recorded the v4, vs + v¢, and 2vg bands that provide the energy position of the
interacting levels. The energy of the v; = 4 was indirectly determined through the resonance
effects.

A large pure rotational data-set is also available for all four states. Besides rotational transitions
observed within the vibrational states, a small set of interstate transitions between the v4 = 1
and v; = 4 states were observed, which helped in constraining the energy of the latter state. The

spectroscopic constants determined for the four interacting states are reported in Tables 4.31-
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Table 4.34: Spectroscopic constants derived for DC3N in combination states.

Constant  Unit ve =v7 =1 vs =v; =1 Vs =vg =1 ve =1,v7 =2 vs=1,v, =2
G, cm™!  703.842905(48) 734.057843(39) 1014.2834(10) 914.19996(21) 945.143878(53)
XL GHz 56.74% 56.74%

XL GHz 19.3346% 19.5438? 56.74% 19.1254(78) 19.3144(14)
XL GHz 16.16642(54) 23.13192(59) 40.232(30) 16.2848(51) 23.0219(27)
T(ab) GHz -17.04693(96) 0.31890(81) —63.474(60) —16.6532(73) 0.87061(30)
T(abJ) kHz =5.791(70) —65.955(69) —11.9(11) —-64.11(10)

B, MHz 4242.276259(91) 4238.741858(100) 4233.55786(15) 4255.3007(18) 4251.64459(16)
D, kHz 0.481883(30) 0.472613(32) 0.463445(36) 0.502238(33) 0.492994(29)
H, mHz 0.03944° 0.03944° 0.03944° 0.03944° 0.03944°

L, nHz —0.154° —0.154° —-0.154° —-0.154° —-0.154°

dyt kHz —11.229* 139.4%

AL, kHz 139.42 -9.9752 139.42 —12.48(68) —10.480(49)

dyL kHz 43.51(13) -5.09(12) 80.31(26) 43.71(42) -6.810(41)

qa MHz 3.17876(20) 2.70698(31) 2.69110(28) 3.19096(18) 2.72679(14)
qu Hz —1.5842 —1.7142 —-1.714% —1.5842 —1.7142

qv MHz 5.94488(22) 5.90991(74) 3.15097% 5.9489(15) 5.93174(21)
qvy Hz —13.653% —13.88(12) —1.584% —14.14(30) —13.653*

qo1s uHz 43.63% 43.63% 43.63% 43.63?

Uqp Hz —1.629(66)

Number in parenthesis are one standard deviation in units of the last quoted digit. [a] Constrained value, see text in
Sec. 4.3.6. [b] Kept fixed to ground state value.
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4.34, while the coefficients C,,, of the resonance Hamiltonian are given in Table 4.35.

Table 4.35: Resonance parameters.

Interacting states Parameter Unit Value
(va=1)—(ve =2) Cs cm™! 17.438(29)
(V4 = 1) - (V5 = Ve = 1) C30 CIIl_1 —6521(12)
(va=1)—(v; =4 Cso GHz 2.69759(70)
Cl, kHz 11.86(13)

Number in parenthesis are one standard deviation in units of the
last quoted digit.

Regrettably, vibrational energies could be determined for all states but the v; = 3, for which
no ro-vibrational bands have been observed in this work. Indeed, its energy could only be
determined from the observation of a hot-band starting from this state. However the v; = 3
level, ca. 632 cm™! above the ground state, is not populated enough and the line density in the
spectrum is too high to confidently assign such hot-bands. The highest chance to clearly observe
an infrared feature involving this state is to record the v; band system at FIR frequencies (~ 210
cm™!) exploiting the bright synchrotron radiation. Recently, we have recorded the v7 band of the
parent isotopologue HC3;N and, although the analysis is still ongoing, we detected transitions
arising from the 2v; < v;, 3v; « 2v7, 4v; <« 3v;, and 5v; < 4v; hot-bands. Presumably, we
expect the same for DC;N.

4.3.7 Outlook

In this thesis, a large set of high-resolution rotational and ro-vibrational data of DC;N has been
analysed. The aim of this work was to have a detailed knowledge of all the vibrational states

whose energy does not exceed a fixed threshold of 1015 cm™!.

To achieve the goal, infrared spectra of DC3;N have been recorded in the range 450-1600 cm™!
at high resolution (0.004 cm™). In this frequency region, 14 of fundamental, overtone, combi-
nation, and hot-bands have been observed and analysed. Notably, the weak v, fundamental has
also been detected, even if at lower resolution (0.012 cm™!). Rotational transitions of fourteen
states have also been recorded to extend the spectrum well into the submillimeter-wave region
(up to ca. 500 GHz).

More than 3600 experimental transitions were included in a least-squares fit procedure from
which a large number of spectroscopic parameters have been determined for 14 different vibra-
tional states. The whole set of data has been fitted with an overall weighted standard deviation
o, of 0.85, meaning that all data are reproduced well within their given uncertainties. Vibra-
tional energies have been derived for all states with the exception of the v; = 3, for which the

energy G, has been extrapolated from those of the |0001), |0002), and |0004). Combining both
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high-resolution IR data and pure rotational measurements, we obtained a complete and accu-
rate modeling of the spectrum of DC;N, including perturbations produced by the anharmonic
resonances in the energy manifold. Remarkably, the interaction between v4 = 1 and vs = vg = 1
states has been recognized for the first time, solving the residual disagreements encountered in
Refs. [117, 124].

The results from this work have two major outcomes:

e the determination of a large number of spectroscopic parameters for DC;N, together with
the literature data available for all the other isotopologues, poses a strong bases for deriv-

ing an experimental anharmonic force fields of HC;N;

e the improved set of molecular data presented provides a guidance for the searches of
DC;5N in extraterrestrial environments and may help to retrieve accurate quantitative in-

formation from the astrophysical observations.

As far as the latter point is concerned, Belloche ef al. recently reported the first results from
a new spectral survey (ReMoCA) towards Sagittarius B2 [131], with higher angular resolu-
tion and sensitivity than those previously achieved [115]. As stated in the introduction (Sec-
tion 4.3.1), DC;N was only tentatively detected in the EMoCA survey, because of some overlaps
with other molecular lines. However, with ReMoCA it should be possible to clearly identify
emissions arising from DC;N in the ground state and possibly from low-lying excited states.

Finally, the values of the partition function U(T') have been revised, as shown in Table 4.36

Table 4.36: Value of the ro-vibrational partition function U(T) of DC;N calculated at different
temperatures.

Temperature (K)  G.S. only?  All states®

300 1481.5213 4733.4792
225 1111.1362 2314.4780
150 740.8099  1009.6729
75 370.5424  383.5728
37.5 185.4308  185.5385
18.75 92.8808 92.8808
9.375 46.6077 46.6077

[a] From the Cologne Database for
Molecular Spectroscopy. [b] This work

As obvious, the discrepancy is emphasized at high temperature, while the match is perfect at
temperatures below 50K (i.e. no vibrational excited state is populated). However, since HC;N

has been detected in Sagittarius B2 with a T}, of ca. 200 K, the variation of the partition function
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at this temperature is important. Indeed, the newly determined value of U(225 K) is more than
two times larger than that obtained considering the ground vibrational state only.
I am currently writing a paper reporting all the contents of this chapter, that will be submitted

to the Journal of Quantitative Spectroscopy and Radiative Transfer.
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4.4 Titanium nitride

During the 6 months I have been in Kassel in 2018, I used most of the time the SuJeSTA
experiment. The sample of species studied with the SuJeSTA spectrometer includes the *O-
isotopologue of iron monoxide (FeO), disilicon carbide (Si,C), silicon dicarbide (SiC,), and
titanium nitride (TiN). Among them, only the latter falls in the “family” of nitrogen containing
species and this is why I have chosen to report its case study. However, the project is still
ongoing. Here, some preliminary results are reported along with a perspective on future plans.
In this study, I have worked on (i) the optimization of the yield of TiN produced in the laser
ablation system and (i1) spectral prediction, recording and analyses of different isotopologues

of titanium nitride.

4.4.1 Introduction

Titanium (Ti) is the ninth-most abundant element in Earth’s crust and the lightest transition
metal !. On Earth, Ti is composed of five stable isotopes, namely 4673 (8.25%), 41Ty (7.44%),
BTi (73.72%), “Ti (5.41%), and *°Ti (5.18%). However, much more radioisotopes have been
discovered and characterized; the most stable of them is **Ti with an half-life of 60 years.

In astronomy, titanium oxides (TiO and TiO,) are found to be very important constituents of
different objects. Titatium(II) oxide (TiO), which gives strong electronic bands in oxygen-rich
late-type stars, has recently been detected in the atmosphere of the hot-Jupiter planet WASP-
19b [132], and, lately, it has been observed towards the cooler region of the red supergiant VY
Canis Majoris [133]. In the latter work, titanium(IV) dioxide (TiO,) has been detected for the
first time.

The radioisotope **Ti is of astronomical interest, particularly to understand processes that take
place in core-collapse supernovae, where it is thought to be produced in high quantity. In
principle, the age of supernovae may be determined through measurements of y-ray emissions
from **Ti and its abundance.

Titanium nitride (TiN) may be present in metal-rich circumstellar envelopes as well. Conse-
quently, an extensive laboratory work would be helpful to aid its astronomical identification.
The first laboratory observation of TiN was accomplished in the visible region thanks to a
shock tube experiment [134]; the vibrational and rotational structure were recognized but not
resolved, due to the limited spectral resolution. Successively, the electronic band IT — X°%
was recorded in the red and the rotational pattern of TiN analysed for the first time [135]. This
work was followed by similar studies [136, 137] in the same spectral region. The first pure
rotational transition of titanium nitride was observed in a microwave-optical double resonance
spectroscopic study during the 1990 [138]. They recorded the N = 2 « 1 transition of TiN,
which was produced in a microwave discharge of a mixture composed by titanocene dichloride

(Ti(CsHs),Cl,) and nitrogen (N,). An improved set of spectroscopic parameters for the ground

'TUPAC definition does not include scandium among the transition metals, although Sc is in the 3d group.
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state of titanium nitride was determined from the MODR experiment, but the hyperfine structure
due to the nitrogen was not resolved. Later on, the hyperfine interactions in the spectrum of
TiN has been investigated for the main and for the ' Ti-isotopologue [139]. Lastly, the pure
rotational spectrum of “*TiN has been investigated in a wide frequency range by Namiki et al.
[140]. They used a submillimeter-wave spectrometer equipped with a DC discharge system:
TiN was produced in the same way of Ref. [138] and its spectrum recorded up to 450 GHz.
Here we report the first observation in a supersonic jet of the submillimeter spectrum of tita-
nium nitride. An alternative production method to those used in the literature, based on a laser
ablation system, is presented together with the first study of the rotational spectra of *TiN and
SOTiN.

4.4.2 Experimental details

High-resolution millimeter and submillimeter-wave absorption spectra of TiN radical in its
ground electronic state (X>X*) have been recorded using the Supersonic Jet Spectrometer for
Terahertz Applications (SuJeSTA) described in Section 3.3.

Titanium nitride was produced by a laser ablation system. The 1064 nm Q-switched Nd:YAG
laser beam at 30 Hz repetition rate was focused onto a rotating titanium rod (99.6% purity,
Goodfellow). The ablated material was seeded in a pulsed gas flow of a 5-20% NHj in helium
as buffer gas mixture. The production of TiN was found to be little sensitive to the concen-
tration of ammonia, so that a mixture containing 10% of NH; was typically used. Also, the
room temperature stagnation pressure of the gases could be adjusted between 2 and 5 bar with-
out affecting the yield of TiN. After the injecting valve, before reaching the titanium rod, the
gas mixture undergoes an adiabatic pre-cooling to below 100 K. During a few sec, the ablated
titanium can react with the gas mixture in a 0.1 cm?® reaction channel at a few hundred mbar
pressure before adiabatically expanding into a vacuum chamber where a supersonic jet is ob-
served (see Refs. [141, 142] for more details). The TiN radical formed in the adiabatically
cooled jet interacts with a millimeter-wavelength radiation beam 20 mm down-stream from the
nozzle exit, where it has a rotational temperature of a few tens K. A multi-pass optics (12 paths
Herriott type) perpendicular to the jet propagation is used to enhance the absorption. Radiations
between 250 and 340 GHz were used to record the spectra. The signals detected by the liquid-
He cooled InSb hot-electron bolometer were recorded during 100 sec. A 0.1 MHz step was
typically used to scan over spectral ranges of some MHz, to record individual rotational lines of
TiN. To increase the signal-to-noise ratio, the signal at each frequency position was averaged
over 8 laser-shots. The accuracy of measured line center positions is 10 kHz with typical line
widths of 0.6 MHz.

4.4.3 Theory

Titanium nitride is a diatomic free radical with a X2X* ground electronic state. Its rotational

spectrum shows a fine structure due to the magnetic coupling of the molecular rotation with the
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unpaired electron.
The coupling scheme of angular momenta in TiN is appropriately described by a Hund’s case
(b) [37]:

J=N+S8§, (4.45)

as seen in the case of NH.

Here, the electronic spin angular momentum S assumes the value of one half. The two fine-
structure levels J generated from each rotational level N are those with J = N + 5 LN - l For
N =0, only the J = 5 component exists.

Inclusion of nitrogen and titanium (only for isotopes with odd mass number) hyperfine interac-

tions leads to the couplings:
=J+1Iy, F=F, +1Iy. (4.46)

where Iy = 1 and Iy; = 5/2 or 7/2 for “’Ti and *Ti, respectively.

For a particular isotopologue in the ground vibronic state, the effective Hamiltonian can be

written as:
jf = jﬁv + jiﬂfs + %fs (447)
with
A = BN> = DN*+ HN® + ..., (4.48)
S, = (/l + AN + .. ) (N-S), (4.49)

Higo= ) br()T-S + Z (i) (Il-zsz - %Ii : s)

@3I2 -
+ Z eQq(i) 72— (21 - 1) + Z Ci(i)1; -

(4.50)

The Dunham-type expansion introduced in Section 4.1.2 can be analogously applied to TiN.

4.4.4 Analysis and results

Rotational spectra of three isotopologues of TiN — namely “°TiN, “*TiN, and *°TiN — were
recorded in the frequency region 250-340 GHz. Three different rotational transitions N' < N
(for each isotopologue) are lying in this frequency range. In the supersonic expansion, the ro-
tational temperature is estimated to be around 20 K, meaning that intensity of the transitions
observed at these frequencies is decreasing sharply. However, due to the shape and size of opti-
cal elements, the SuJeSTA experiment gives its best performance around 300 GHz and it hardly
goes to lower frequencies. Nonetheless, this compromise allowed the observation of three dif-
ferent isotopologues (see Figs. 4.18-4.20) but not that of *’TiN and **TiN; an explanation for
this failure will be given later.

The rotational spectrum of the parent species “*TiN was already known with good accuracy, so
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Figure 4.18: Observed transitions for “*TiN. Line positions are given as offset frequency from
260215 (top), 297375 (middle), and 334530 (bottom) MHz.
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Figure 4.19: Observed transitions for “°TiN. Line positions are given as offset frequency from
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94



J=85c175 N=8«7
|
|II'HI
I
3 u'lh MI
Vo
Y
\ I
' f r| I|'||I ||
iy | U“' ’
1A
0 .llld \‘
§2
-E 6 |
; 1 J=95c 8.5 J=85175
E .'\
:5 3 I\
- I\ |
E I‘ VJ qkl N - 9 - 8 Lpllljl lilljil
2 o r I 1'
L
5
6 L
A J=10.5« 9.5 J=95« 85 \
| .
]l N=10<9 \'«l
i
i !
0 | u f J
-35 -17.5 0 1175 T 435

Offset Frequency /| MHz
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the spectroscopic parameters from Ref. [140] were used to predict the transitions between 250
and 340 GHz. The J = 8.5 « 7.5 component of the N = 8 « 7 transition was first used to
optimize the formation of TiN in the laser ablation system and, then, to monitor its production
while recording the spectra of less abundant isotopologues. As for the parent species, five of
the six newly recorded transitions were not observed previously and they add information to
the data set available from literature [138, 140]. They are listed in Table 4.37 together with the

transitions observed for *°TiN and *°TiN.

Table 4.37: Measured transition frequencies and least-squares residuals for newly observed
transitions of titanium nitride. Units are MHz

Species N’ <« N J' < J Frequency? Obs.—Calc.

4STiN 76 75«65 262736.840 -0.010
6.5 5.5 262789.152 0.001

87 85«75 300261.470 0.040

7.5 < 6.5 300313.775 -0.024

98 9585 337780.803 -0.031

8.5« 7.5 337833.260 0.024

BTIN 76 75«65 260189.007 0.046
6.5 — 5.5 260240.844 0.057

87 85«75 297349913 0.040

7.5 « 6.5 297401.740 -0.024

98 9585 334505.724 -0.018

8.5« 7.5 334557.677 0.003

SOTIN 76 75«65 257894.399 0.011
87 85«75 294668.907 -0.006

7.5 « 6.5 294720.355 -0.012

98 95«85 331489.862 0.006

8.5« 7.5 331541.342 0.001

* The experimental accuracy is estimated to be 30 kHz.

The rotational spectra of “*TiN and *°TiN had never been studied, so no predictions were avail-
able. The Dunham’s relationships presented earlier for NH (§ 4.1.2) were exploited to predict
their rotational frequencies from the spectroscopic parameters available for the parent species
TiN. They were easily found within 2-3 MHz from the predicted frequencies; the error is due
to the negligence of any Born—Oppenheimer term which, however, should be determinable but
relatively small. Based on the isotopic ratios, the spectra of “°Ti and *°Ti were expected 9 and
14 times weaker, respectively. These factors are experimentally confirmed (see Figs. 4.18—4.20)

and, thus, each line needed to be recorded for a longer integration time in order to achieve a
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decent S/N. We were able to record and analyze 6 transitions for *°Ti and 5 for *°Ti in the in-
vestigated frequency range. From their least-square analysis it was possible to determine B, D,
and A for both isotopologues. The remaining centrifugal parameters (H and Ap) were fixed to
the corresponding value fitted for the the main isotopologue **Ti, while no hyperfine constants
were included for nitrogen because the hyperfine structure is collapsed in a unique line. The
parameters derived for each isotopologue are reported in Table 4.38.

Table 4.38: Spectroscopic parameters derived for titanium nitride

Constant Atom Units BTIN “STiN SOTIN

B MHz 18589.35095(98) 18771.4317(84) 18421.7329(37)
D MHz 0.026242(22) 0.026978(61) 0.025901(26)
H Hz —0.23(11)* -0.23° -0.23°

A MHz —52.2084(29) -52.620(51) —51.704(20)
Ap kHz 0.29(12)* 0.29% 0.29°

br (N) MHz 18.4930(45)

c (N) MHz 0.166(14)

C (N) MHz 0.0137(25)

eQq (N) MHz -2.271(26)

no. of lines 35 6 5

MW rms kHz 24 25 8

Ty 0.92 0.85 0.27

Number in parenthesis are one standard deviation in units of the last quoted digit.
[a] These parameters are badly determined in the fit (< 307) but their inclusion was
necessary to reproduce the data within their stated uncertainties. [b] Constrained.

We also attempted to observe the rotational spectrum of /TiN. The isotopic abundance of *’Ti
is 10 times less than that of *3Ti; although more abundant than °Ti which was observed in
this work, the presence of an isotope with non-vanishing nuclear spin (I+1; = /2) prevented any
observation of ’TiN. Indeed, the hyperfine interaction between the nuclear spin of *’Ti and the
electronic spin of the molecule would lead to a further splitting of a given level into six sub-
components. These sub-levels are predicted to be separated enough to resolve the hyperfine
pattern, meaning that each line is 6 times weaker than a “theoretically unsplit” line. In total, the
rotational transitions of 4’ TiN are expected to be a factor of ca. 60 less intense than those of
®TiN. In practice, this would require an integration time 3600 times longer (i.e., ~ 200 h per
line) to attain a similar S/N ratio in the spectrum. Experimentally, this is complicated by the
facts that (i) the production of titanium nitride worsen after 1 or 2 hours, because some ablated
material starts to accumulate on the rod surface and the chemistry inside the plasma changes,

and (i1) there is still some uncertainty on the line positions, meaning that a broader spectral scan
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is required. So, despite we were scanning the spectrum for weeks, we were not able to observe
any feature of ' TiN. The case of **TiN is even more critical because the spectrum is predicted

to be two order of magnitude weaker than “3TiN.

4.4.5 Outlook

The vibrational mode of TiN is predicted to be centered around 1039 cm™! [136, 137], a spectral
region covered by the Quantum Cascade Laser spectrometer located in Kassel. Since the laser
ablation system is identical to that described in § 4.4.2, the production of titanium nitride should
be as efficient as in SuJeSTA. To complete the Dunham analysis of titanium nitride and to
determine accurate spectroscopic constants for *’ TiN and *TiN, we are planning to record the
vibrational spectrum of TiN.

The spectrometer is described in details in Ref. [143]. Briefly, the spectral range between 900
and 1300 cm™! is covered by several narrow line width (100 kHz) continuous-wave QCLs. The
QCL beam intersects a supersonic jet (analogous to that used in SuJeSTA) perpendicularly in
a Herriott-type multi-path cell, few millimeters downstream of the exit of the ablation source.
A fast liquid nitrogen cooled mercury cadmium telluride (MCT) detector will be used to record
the signal. Given the maximum resolution achievable with the QCL spectrometer (4x1073
cm™!), ro-vibrational transitions belonging to the isotopologues ' TiN and “’TiN would exhibit
an unresolved hyperfine structure, making the intensity of these transitions as strong as those of
4TiN and °TiN. These conditions will allow us to derive reliable spectroscopic constants of all
1sotopologues with good accuracy and to carry out a Dunham-type analysis of titanium nitride.
Simultaneously, the in sifu formation of TiN will be tested in the glow discharge of our frequency-
modulation spectrometer to possibly extend the measurements into the submillimeter region.
Finally, when the MIR data will be collected and analysed, the Dunham analysis of titanium

nitride will be presented in a paper to be submitted to the Journal of Molecular Spectroscopy.
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4.5 Aminoacetonitrile

In the last three years, I have been studying ro-vibrational spectra of many Complex Organic
Molecules, such as aminoacetonitrile (NH,CH,CN), cyanomethanimine (NCCHNH), ethanimine
(CH3;CHNH), vinyl alcohol (CH,CHOH), ethylene glycol (CH,OHCH,OH), and so on. Among
them, I have chosen to report in this thesis the case of aminoacetonitrile because of its high
prebiotic importance and because the study reported here, in collaboration with the Toho Uni-

versity, led to my first scientific publication:

e C. Degli Esposti, L. Dore, M. Melosso, K. Kobayashi, C. Fujita, and H. Ozeki, “Millimeter-
wave and Submillimeter-wave Spectra of Aminoacetonitrile in the Three Lowest Vibra-
tional Excited States,” Astrophys. J. Suppl. S., vol. 230, no. 26, 2017 [144].

Also, the spectroscopic investigation of aminoacetonitrile is still an open project and future
plans are presented in the Outlook Section (§4.5.6).

My contribution to this work can be summarized as follow:
e conceptualization

e measurements of the rotational spectra in Bologna;

joint analysis, including the data recorded in Toho;

treatment of resonance effects;
e manuscripts co-writing;
e co-writing of the SOLEIL proposal, for which I am the principal investigator.

Sections §4.5.1-§4.5.5 are reproduced from the aforementioned paper.

4.5.1 Introduction

Attempts to detect amino acids in Space have so far been unsuccessful even for its simplest
form, glycine (NH,CH,COOH), despite decades of efforts devoted by many observational stud-
ies [145, 146, 147]. There can be several explanations for this failure. One is that rotational
constants are relatively large and the line strength of each line is not very strong. Another is
the expected spatial distribution of the molecule. Garrod developed a sophisticated chemical
models for hot cores and indicated that glycine is formed almost exclusively within or upon
dust-grain ice-mantles [148]. Since the high evaporation temperature of the molecule (200 K)
makes the emission region extremely compact, it can be hardly expected to detect glycine with
a single dish telescope. The feasibility of detecting glycine highly depends on the selection of
sources to be observed with ALMA at sub-arcsecond resolutions. Garrod proposed as a candi-

date source the hot core NGC 6334 IRS1, where relatively narrow emission lines are expected
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[148]. In addition, Jiménez-Serra ef al. claimed that glycine may be detectable in low-mass
prestellar cores such as L1544 because congestion of spectral lines can be avoided [149].

From a chemical point of view, it is also important to consider sources where possible glycine
precursors are abundant. Aminoacetonitrile NH,CH,CN is one of the possible precursors of

glycine via Strecker synthesis [150, 151] (see Figure 4.21).

Figure 4.21: Four-steps Strecker synthesis of glycine. The process starts with the reaction
between ammonia (NH3) and formaldehyde (H,CO) to produce methanimine (H,CNH). In the
second step, methanimine reacts with a molecule of hydrogen cyanide (HCN) to form aminoace-
tonitrile (NH,CH,CN, yellow box). In the third and fourth steps, NH,CH,CN is hydrolyzed to
give aminoacetamide (NH,CH,CONH),), and finally glycine (NH,CH,COOH).

Belloche et al. reanalyzed previous microwave spectroscopic studies of aminoacetonitrile in the
millimeter-wave region [152, 153, 154] and succeeded in the detection of this molecule toward
Sgr B2(N) [155]. They derived a column density of 2.8 X 10'® cm™2, or fractional abundance
of 2.2 x 107 (see explanations in §2.2) at a temperature of 100 K. Garrod showed that a peak

gas-phase fractional abundance of a few 10~ to 1078 is expected at around 120 K in each time-
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scale model [148]. At such a high kinetic temperature, it looks plausible that the molecule can
be populated in the high J rotational levels in the vibrational ground state, or in the low-lying
excited states.

The measurements of the rotational spectrum of aminoacetonitrile have been performed up to
1.3 THz [154], and several misassignments of b-type transitions were found. Therefore, firm
spectroscopic data of aminoacetonitrile in the ground vibrational state were provided by cor-
recting those errors [156]. During the course of that measurements, several satellite bands near
the ground state line were found, due to spectral lines of vibrational excited states. Preliminary
analyses of the satellite transitions belonging to six different vibrational states revealed the pres-
ence of perturbations in several spectra, including also those of the two states of lower energy
[157].

The assignment of vibrational states of aminoacetonitrile (trans form, C; symmetry group)
has been established by experimental and theoretical studies. Bak et al. [158] observed and
assigned the three lowest fundamental bands at 216 (v, A’ symmetry), 247 (v;5, A” symmetry),
and 370 cm™! (v;7, A” symmetry), respectively, by gas-phase, low-resolution IR spectroscopy.
Bernstein et al. [159] performed density-functional theory calculations on aminoacetonitrile at
the B3LYP/6-31+G(d) level. The harmonic frequencies computed for the three lowest modes
were 204.9, 259.6, and 377.2 cm™!, which were described as C—C=N bend, —NH, torsion, and
NH, —CH; torsion, respectively.

Simultaneously to my PhD work, Kolesnikovd et al. [160] reported rotational spectra for 29
vibrational excited states. Although perturbation effects were recognized, effective rotational
and centrifugal distortion constants for each state were obtained by fitting their rotational spec-
tra using the standard semi-rigid rotor model [102]. No vibration-rotation couplings between
the excited states of the exhaustive list were considered, despite the remarkable effects they can
produce in the higher rotational states. In this thesis, the study was focused on the three lowest
vibrational excited states. We have extended the measurements in vibrational excited states to
much higher frequencies (450 GHz) than the previous study [160], and have taken into account
the Coriolis resonance existing between the two lowest states. This made it possible to include
higher rotational states in the fitting, so that our obtained molecular constants have better pre-
dictive capabilities. The spectral data of these astronomically important states are essential for
future observation of the molecule in relatively high kinetic temperature conditions.

4.5.2 Experimental details

The present experiments were carried out in two laboratories, at Bologna and Toho Universities,
respectively. The experiment at Bologna was conducted in the frequency ranges 80-115 and
240-290 GHz using a source-modulation millimeter/submillimeter-wave spectrometer (§3.1).
The experiment at Toho University was conducted in frequency regions complementary to those
investigated in Bologna, reaching a frequency as high as 450 GHz, with essentially the same

apparatus and experimental conditions of their previous work [156].
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The aminoacetonitrile sample (> 98% purity, Sigma Aldrich) was purchased and used without
further purification. All the spectra were taken at room temperature. The accuracy of each
line frequency varies from 20 to 200 kHz, depending on the S/N of the observed spectrum and

line-blending due to unresolved hyperfine components enveloped in a single line profile.

4.5.3 Theory

Aminoacetonitrile is a nearly-prolate asymmetric-top rotor with a Ray’s asymmetry parameter
k = —0.97. It exists only in the trans form (C; symmetry group), with the —NH, group pointing
toward the —CN moiety (see Fig. 4.21). The electric dipole moment of aminoacetonitrile lies on
the a/b plan; its components were determined through Stark-effect measurements and are y, =
2.577(7) and p, = 0.5754(10) D [153], respectively. The p. component is null for symmetry
reasons.

Being a rotor close to the prolate limit, the ro-vibrational energy levels can be represented
adopting a Watson’s S -reduced Hamiltonian in its /" representation [102]:

S = S + Aoy + Ay, 4.51)
where ##7) contains the rotational constants in the S -Watson reduced form and the vibrational
energy:

A =G, +1B+COP +|A-LB+O|Pi+1(B-0)(P2-P), (4.52)

Heq can be decomposed in a sum of terms, each containing different powers of the angular
momentum. For instance, the 7 34) part accounts for the centrifugal distortion terms up to 4™

power of the angular momentum
%;4) — —D]P4 _ D]KPzpﬁ _ DKPLZI + leZ (Pi + P%) + d2 (P:t_ + Pi) s (453)
while %’é? contains operator with 6™ power of P:

A = HiP® + HjxP*P2 + Hy P° Py + Hy PS
+ P (P2 + P2) + P (PL+ PY) + iy (P + PC) . (4.54)

In the present work, centrifugal distortion terms up to sextic order have been used.
The nuclear quadrupole interaction due to the presence of two nitrogen nuclei (Iy = 1) is

expressed by:

2J+3
‘%:eQQO

Y(,LF), (4.55)

v @G+ 1) -1+ 1)JJT+1)
3 +D)-I1U+1D)JJ+
YULLF) = 2QJ-DQRI+3)IRI-1) (4.56)
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and
C=FF+D)-JUJ+D)-IU+1). (4.57)

In order to analyze the observed hyperfine-structure components, the following angular mo-
menta coupling scheme between the '*N-nuclear spins I;(nitrogen of the —NH, group) and
I (nitrogen of the —CN group) and the rotational angular momentum J was adopted: I =1, +
L, F=J+L

4.5.4 Analysis and results

At room temperature, all the three lowest vibrationally excited states of aminoacetonitrile were
sufficiently populated to assure the identification of the respective rotational spectra.

Close to each a—type R branch of the ground state, we were able to identify three different
sequences of lines having the same K, structure, but with reduced intensities, as expected for

vibrational satellites produced by low-lying states, as shown in Figure 4.22.
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Figure 4.22: Observed and calculated spectrum of aminoacetonitrile in the ground (“G”) and
excited vibrational states (denoted by “11”, “17”, and “18” for vi; = 1, v = 1, and vig = 1
states, respectively) around 160 GHz.

Preliminary fits to these sets of lines always provided B and C rotational constants a few MHz

greater than those of the ground state. From intensity-ratio measurements, it was possible to
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make an approximate evaluation of the excited-state energies, which were found in the range
from 200 to 400 cm™!, in qualitative agreement with the IR data [158, 159]. The measurements
for the three excited states were then extended up to 450 GHz, so that a fairly large set of a- and
b-type transition frequencies could be obtained for each vibrational state. The measurements
probed rotational energy levels in the J interval from 6 to 56 and K, interval from O to 15.
Small splittings due to the *N nuclear spin of the two nitrogen atoms were observed for a few
a—type R branch transitions with high K, values measured in the 100 GHz region. An example
is provided in Figure 4.23, which shows a K, sequence for the J = 10 « 9 a-type band in the
v1s state, in which splittings due to the electric quadrupole coupling are detectable for K, = 7,
8, and 9.

X
i
O

LA

(v,=1)-J=10«9

8~

Detector signal / a.u.

90900 Frequency / MHz 90950

Figure 4.23: Portion of the / = 10 « 9 a-type band of aminoacetonitrile in the vg state
(integration time 100s, RC= 10ms, FM = 180kHz). Splittings caused by electric quadrupole
coupling are detectable for K,=7, 8, and 9. The K,=4 transition shows the asymmetry splitting.
An asterisk indicates a line of the vy state.

The complete data sets for the three excited states were then assembled by combining the
mm- and submm-wave transition frequencies measured at Bologna and Toho. They were an-
alyzed using Pickett’s SPFIT program [46]. In the fitting procedure, the experimental data
were weighted according to the inverse square of their uncertainty. The required '*N elec-
tric quadrupole coupling constants were held fixed to the values determined for the vibrational
ground state [161], that are y,, = -2.77 MHz and y;, — .. = -0.37 MHz for nitrogen of the NH,
group, Y. = -3.48 MHz and y;;, — x.. = -0.48 MHz for nitrogen of the CN group.

The rotational lines of the weakest spectrum, corresponding to vy; =1, could be fitted very

well using the standard semi-rigid Hamiltonian. Centrifugal-distortion constants values close
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to those of the ground-state were determined. The same procedure gave, however, unsatis-
factory results when used to analyze the transition frequencies measured for the two states of
lower energy. Large deviations, opposite in signs, were produced for a—type R branch lines
with K, > J/2, and strongly diverging values of the quartic centrifugal distortion constants D
and d, resulted. This was a clear indication of the existence of some ro-vibrational interac-
tion between these states. Since aminoacetonitrile has C; symmetry, its vibrations must belong
to the A’ or A” irreducible representations. On the one hand, two fundamental levels of the
same symmetry, either A" or A”, are connected by the c-axis term included in the H,; Coriolis
operator [162]. On the other hand, two states of different symmetry are connected by a- and
b-axis Coriolis operators. We observed that the quality of the fits could be greatly improved by
assuming the existence of an a-type Coriolis interaction. The two states were coupled through
the off-diagonal G,P, Coriolis operator, and the transition frequencies of the two states were
simultaneously analyzed fitting also the Coriolis coupling constant G, and the vibrational en-
ergy difference between the two states. The standard deviation of the fit decreased by more
than a factor of ten, even if small systematic obs.—calc. deviations still remained, indicating the
need of improving the coupling model. No significant effect was obtained either considering
also a b-axis Coriolis interaction, or higher order terms deriving from H,, [162], while a further
lowering of the standard deviation of the fit was achieved by taking into account small depen-
dences of G, from the rotational quantum numbers J and K. The best results were obtained
using two more adjustable parameters, adopting an off-diagonal Coriolis operator of the form
(G, + GIP? + GIXP’P?)P,. The effectiveness of an a-type Coriolis coupling demonstrates that
the two lowest vibrational states of aminoacetonitrile must be of different symmetry, as stated
in Ref. [158] and confirmed by the ab initio calculations of Ref. [159].

As far as the vi7 = 1 state is concerned, 352 different line frequencies measured in the frequency
interval from 80 to 450 GHz were analyzed. They correspond to transitions between rotational
levels for which J ranges from 6 to 50, and K, from O to 15. The three rotational constants, the
full set of quartic centrifugal distortion constants, and the sextic centrifugal distortion param-
eters H;, Hg; and h; were fitted to the measured frequencies, obtaining a standard deviation
value of 25.4 kHz. The remaining sextic centrifugal distortion constants, not useful for a further
improvement of the fit, were held fixed to the respective ground-state values [156], and the '“N
electric quadrupole coupling constants [161] as well.

As to the vi; = 1 /vig = 1 resonance system, a total number of 866 distinct line frequen-
cies were measured, corresponding to rotational transitions spanning nearly the same J and K,
ranges previously mentioned for the the vi; = 1 state. The measured frequencies were analyzed
by fitting all rotational and quartic centrifugal distortion constants, and three sextic distortion
constants H;, H,x and h; of each interacting state. In addition, the vibrational energy difference
AE,;, and the Coriolis coupling coefficients G,, G, and G/X were optimized to achieve a sat-
isfactorily low standard deviation of 29.8 kHz. The vibrational energy difference between the

two interacting states is accurately determined to be 34.31731(26) cm™'. The derived molecular
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constants, including interaction parameters and the energy difference v;g — v;;, are summarized

in Table 4.39.

Table 4.39: Molecular constants of aminoacetonitrile in the lowest three excited states.

Constant Unit v =1 vig =1 viz =1

A MHz 30279.63(15) 30366.32(15) 30143.7042(28)

B MHz 4776.48577(13) 4769.41405(15) 4764.23731(13)
C MHz 4316.65567(13) 4314.50868(14) 4316.433637(93)
D, kHz 3.048626(79) 3.07047(14) 3.07242(11)
Dk kHz —52.555(85) —55.690(85) -55.0291(22)
Dy kHz 649.87(15) 779.287(23) 695.85(19)

d; kHz -0.674571(61) —0.675957(75) -0.672041(62)
d, kHz —0.0336185(89) —0.029711(16) —0.026762(13)
H, Hz 0.009114(22) 0.009503(42) 0.009616(33)
Hx Hz —0.13109(89) -0.1120(15) —0.12406*
Hy; Hz -2.71262 -2.7126* —2.606(16)
Hy Hz 53.22852 53.22852 53.2285¢%

hy mHz 3.6369(14) 3.6833(27) 3.766(22)

hy mHz 0.4749* 0.4749* 0.4749*

h3 mHz 0.05229% 0.05229% 0.05229?
AE(vis —vy) cm™ 34.31731(26)

G, MHz 16401.4(46)

Gl MHz 0.0330(27)

GX kHz -0.03308(54)

rms error kHz 29.8 254

o 0.729 0.648

Number in parenthesis are one standard deviation in units of the last quoted digit. '*N electric
quadrupole coupling constants were held fixed to the value determined by Brown et al. [161]. [a] Kept
fixed to ground state value.

4.5.5 Discussion

The rotational spectra of aminoacetonitrile in the three lowest vibrational states (vy; = 1, vig =
1, and v{; = 1) were clearly identified. The v;; = 1 state was almost isolated and inclusion of
any perturbation was not necessary, while the v;; = 1 and vg = 1 states proved to be interacting
through an a-type-Coriolis coupling. The determined vibrational energy difference between
the two interacting states compares fairly well with the value from the previous infrared study
[158] and from computational results [159]. In addition, the values of the centrifugal distortion
constants determined for the two interacting states are very close to those of the ground state,

thus confirming the effectiveness of our analysis.
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The fitted value of the main Coriolis coupling coefficient is 16 401 + 5 MHz. It was compared
with the corresponding ab initio computed value which was obtained using the Gaussian 09
program [163] at the MP2/6-311++G(d,p) level. The G, Coriolis coefficient which couples the

vi1 and vg vibrational states has the following theoretical expression [162]:

w1 + Wi,

Vw111

A, is the equilibrium value of the rotational constant A, w; and wg are the harmonic frequencies

G, =A, {in18- (4.58)

of the interacting states, and “{j; 15 1s the corresponding Coriolis coupling constant. Using the
ab initio computed values for all the parameters (A, = 30155.6 MHz , w;; = 209.16 cm™!,
wig = 26477 cm™!, 97,5 = 0.20622), it results in G, = 12524 MHz. A very negligible
change is obtained using experimental vibrational frequencies and the ground state value of the
rotational constant A. It seems, therefore, that the 30% disagreement between fitted and ab

initio computed G, values is mainly due to inaccuracy in the computed “{; 13 constant.

Comparing the values of the spectroscopic constants determined in the present work with those
recently published [160], large discrepancies do obviously appear for the v;; = 1 and vig = 1
states, because of the substantial difference of the fitting procedures. We have measured and
analyzed transition frequencies corresponding to higher J and K, values, so that the a-type
Coriolis coupling existing between these two states had to be necessarily taken into account to
obtain a reasonably good fit. In this way the contribution of the corresponding resonant term
which is inversely proportional to +(w;; — wg) is removed from the 4a, and “«3 vibration-
rotation interaction constants, and this explains the differences of ca. 261 MHz between the
effective A constants determined in the present work and those published by Kolesnikova et al.
[160] for the same states. Significant changes are also produced for some centrifugal distortion
constants which converge to rather unreliable values (i.e., too far from those of the ground state)
if the resonance is neglected. Anomalous values of the quartic centrifugal distortion constants
Dk and d,, and of the sextic H;x and h; are apparent in the results of Ref. [160], although
they analyzed transition frequencies corresponding to lower J and K, values. On the contrary,
normal values are obtained by our analysis for these constants. It is to be noticed that if the
spectroscopic constants determined by Kolesnikova et al. [160] are used to predict the whole
set of transition frequencies that we have measured for the v;; = 1 and vig = 1 states, then
obs.—calc. values greater than 1 MHz are produced for nearly all transitions recorded above
273 GHz, and for 33 transitions the frequency discrepancies are larger than 10 MHz. As to the
unperturbed v;7; = 1 state, the molecular constants determined in the present work are essentially
the same as those reported in Ref. [160]. Small discrepancies beyond the quoted uncertainties
are anyway observable, probably due to (i) the extension of our measurements into a higher
frequency region, (ii) a different choice of the sextic centrifugal distortion constants released
in the effective fits, and (iii) a better accuracy of our frequency measurements when hyperfine

splittings due to the electric quadrupole coupling were resolved.
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The vibration-rotation partition function of aminoacetonitrile was calculated for several tem-
peratures by taking the three lowest vibrational excited states into account. The observed vi-
brational frequencies in the gas phase (216, 247 and 370 cm™! forvy; = 1, vig = 1, and
vi7 = 1 states, respectively) were used as term values for these states. The results are listed in
Table 4.40.

Table 4.40: Value of the ro-vibrational partition function of aminoacetonitrile.

Temperature (K) G.S. only® All states®

300 34824 64711
225 22817 35635
150 12456 15599
75 4403 4520
37.5 1557 1558
18.75 552 552
9.375 196 196

[a] From the Cologne Database for
Molecular Spectroscopy. [b] This work

According to Bak er al. [158], the vibrational frequency next to the lowest three modes is 558
cm™!, whose effect on the vibrational partition function can contribute to the uncertainties of the
present data by 6% at 300 K, and less than 1% at 100 K. In order to calculate the spectral inten-
sity of the molecule for conducting a search in the ISM, we needed to assume the components
of the dipole moment in the vibrational excited states to be the same as those in the ground state
[153]. The spectral line catalog was then constructed with Pickett’s SPCAT program [46]. By
using these data, an initial attempt to detect these transitions in the ALMA survey toward Sgr
B2 showed that there are some weak hints of their presence 2. All the lines were blended and
we need more sensitive data to confirm the first detection. The previous study [155] indicates
that the emission of aminoacetonitrile came from a compact source and ALMA’s high spatial

resolution nature provides an ideal tool to observe this kind of species.

4.5.6 Outlook

No high-resolution infrared spectra of aminoacetonitrile have been recorded to date. Therefore,
an important piece of information about the spectroscopic knowledge of NH,CH,CN is still
missing. The most intense vibrational transitions of this molecule lie in the far-infrared domain,
between 200 and 1000 cm™!, where seven bands (out of 18) are located. It is highly desirable

to record at high-resolution (0.001 cm™!) this part of the infrared spectrum. We proposed *

2Private communication, Belloche (2016)
3Proposal no. 20191573 submitted to the SUNSET portal of SOLEIL Synchrotron.
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therefore to record the far-infrared spectrum of aminoacetonitrile where the three lowest funda-
mental bands v;; (A’, C—C=N bending at 216 cm™"), v|7 (A", NH, —CH, torsion at 370 cm™"),
and v,3 (A", NH, torsion at 247 cm™!) are lying [158]. At these energies, conventional infrared
spectrometers show in fact much poorer performances than the synchrotron light. In preparation
of this study we have performed high level quantum chemical calculations at the MP2/cc-pVTZ
level of theory. The calculated band centers of 210, 265, and 382 cm™! for vy, vis, and vy7,
respectively, are in excellent agreement with the literature values. These high-resolution in-
frared measurements will be helpful to guide astronomical identification of aminoacetonitrile
by means of its vibrational signatures. Furthermore, an accurate knowledge of the low-lying
vibrational excited states is necessary to successfully analyze the hot-bands associated to any
other vibrational mode of NH,CH,CN. Moreover, significant correlation exists between the

spectroscopic parameters of the resonant states that will be lifted by the ro-vibrational analysis.

17

Intensity / a.u.

150 450

Wavenumbers / em!

Figure 4.24: Simulation of the ro-vibrational spectrum of aminoacetonitrile in the FIR region.
The Q-branches of the c-type bands v7 and v;g are predicted to be the dominant features of the
spectrum.

The far-infrared spectrum of aminoacetonitrile will be recorded using the long absorption path
length of the AILES beamline aligned in its optimum configuration for 150 m of absorption.
A 6 um Mylar beamsplitter, polypropylene windows, and a liquid-He cooled bolometer will
be used. Vapor pressure of aminoacetonitrile sample (> 98 % purity) will be injected in the
cell. Considering the different symmetries and calculated intensities of the bands (vg, c-type,
45 km/mol; vy7, c-type, 13 km/mol; vy, a/b-type, I = 11 km/mol), we plan to record 3 high
resolution spectra at estimated pressure ranging from few to few hundreds of bar to observe

all bands with a good signal-to-noise ratio. The first spectrum, at the lowest pressure, will be
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recorded at conditions maximizing the signal-to-noise ratio of v;g, the second spectrum will
target v,7, and the final spectrum (at the highest pressure) will allow the observation of the weak
vi; band. We prospect that several hot bands and vibrational satellites will be observable as
well.

We expect to:

e Record the first high resolution spectrum of aminoacetonitrile in the far infrared and de-

tect three fundamentals and many hot bands and vibrational satellites;

e Perform a global fit of the pure rotation and ro-vibration transition, and reduce the cor-
relation among resonance parameters thanks to the newly determined accurate energy
difference between the states;

o Assign some of the states from Ref. [160] which remain unassigned (from hot bands and

combination bands observation)

These results will provide a strong base to continue the investigation of the IR spectrum at even

higher frequency.
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S5 Astrophysical detections

5.1 NHD and ND; in IRAS 16293-2422

The astronomical sample

IRAS 16293-2422 is a Class O protostar, located in the nearby (~120 pc) p-Ophiuchi star-
forming region [164]. It mainly consists of two low-mass protostars A and B, separated by a
distance of 600 AU (Astronomical Units, 1 AU = 1.5x10% km).

The chemistry in IRAS 16293-2422 is exceptionally rich [165]. Observations suggested that
the emission from complex organic molecules (COMs) arises from small regions toward the
continuum sources, where temperatures around 100 K would allow evaporation from grain-
mantles. For example, glycolaldehyde (HCOCH,OH), the simplest sugar, and chloromethane
(CH3Cl) have first been detected around this solar-type young star thanks to ALMA observa-
tions [166, 167].

Moreover, this source is very famous because deuterated molecules are present in enormous
amount. As a matter of fact, deuterated species are observed in IRAS 16293-2422 with ratios
relative to the normal ones (D/H) orders of magnitude higher than the cosmic ratio of about
1 x 1073 [168]. Deuterium fractionation processes have been shown to increase such values by
up to a factor of 10'3. Among the multiply-deuterated molecules detected in IRAS 16293-2422,
it is possible to find water D,O [169], formaldehyde D,CO [67], hydrogen sulfide D,S [69],
methanol CD3;OH [70], and ammonia ND3 [85].

Spectral survey

During the lifetime of the Herschel Space Observatory, a Key Project named Chemical Herschel
Surveys of Star forming regions (CHESS) was carried out. The CHESS targets included the
source and the surrounding of low- and high-mass protostars, from pre- to post-collapse. IRAS
16293-2422 was one of the targets and it has been observed in all seven bands of Herschel, from
487.5 to 1902 GHz. The observations were obtained in double-sideband (DSB) using the wide
band spectrometer (WBS), with resolution of ca. 1.1 MHz, during March 2010 for 50 h in total
[170].

Chemical models

IRAS 16293-2422 has also been targeted to study deuteration processes of ammonia. Roueff e?
al. [85] used the CSO, IRAM 30 m, and Arecibo telescopes to map the emission of NH;, NH,D,
NHD,, and NDj in this source. Additionally, three possible models have been developed to
reproduce the actual abundances in dark clouds. The temperature is assumed equal to 10 K for
all models, while the density of H, is 10*, 10%, and 10° cm™ in Model 1, 2, and 3, respectively;
moreover, carbon and oxygen depletion factors for Models 2 and 3 are 5 and 15 times larger

than in Model 1. In these models, the column densities of imidogen (NH and ND) and amidogen
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(NH,, NHD, and ND,) were estimated as well, although their observations were hindered by
the spectral coverage of the telescopes used.

The models have showed that deuterium fractionation of nitrogen hydrides (NH, NH,, and NH3)
can be very effective in high-density, highly-depleted clouds.

Table 5.1: Estimated fractional abundances from Ref. [85], where a hydrogen column density

of 1 x 10**cm~2 is assumed.

Species Model 1 Model 2 Model 3

NH 4.89 x10™°  6.80 x10™  1.66 x10™°
ND 1.18 x10™°  4.67 x10™°  1.70 x107°
NH, 6.01 X107  8.48 x10™* 1.25x107®
NHD 2.99 x107  7.64 x10°  1.51 x107°
ND, 3.05 x107'" 2,05 x1071° 5.09 x10~!!
NH; 549 x10°%  8.82x10°*  2.00 x107®
NH,D 2.71 x10™ 8.80 x10™° 2.94 x107°
NHD, 8.82x107!" 6.10x10719 2.37 x1071°
ND; 3.44 x107'? 5.14 x107'1 2,14 x107!

As for the detected species, the predicted abundance ratios of the deuterated ammonia isotopo-
logues and their progenitors agree reasonably well with existing observations. Concerning the
previously undetected deuterated forms of amidogen, the fractional abundance of NHD is pre-
dicted to be as high as that of NH,D, while for ND, is estimated to be from 2 to 9 times larger
than the ND; abundance.

Detection of NHD and ND,

Using the observations of IRAS16293 retrieved from the Herschel Spectral Archive, we have
searched for NHD and ND, on the base of our newly determined spectroscopic constants (§ 4.2).
We detected the Nk, x. = 11,1 — 0p,¢ transition of NHD around 770 GHz and two transitions of
ND,, namely the 1, — 099 and 20, — 1;; at 527 and 785 GHz, respectively. Both species
are observed in absorption, because of their low excitation temperature (less than 8 K) and the
strong continuum of the source. The detected transitions fall into two different sub-bands of
Herschel, the 1a (487.5-553.5 GHz) and the 2b (722-794 GHz).

The hyperfine structure of these transitions were fitted to the spectral survey using a custom
PYTHON code, which use the CLASS software as main core. Our code allows to fit or fix
several parameters, such as the excitation temperature 7.y, the column density N, the linewidth
A,, the local standard of rest (LSR) velocity v sg, and the optical depth 7.

For comparison, we have also re-analyzed the HFS components of NH, which is seen in ab-

sorption against the continuum of the protostar [82]. In all spectra, the contribution from the
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continuum (C) was subtracted using the equation experimentally derived in Ref. [82]:

Te=1.10xv-0.42, (5.1)

with v express in THz and T¢ in Kelvin. The two J components of the fundamental transition
Nka ke = 11,1 — 09,0 of NH; in its ortho form are detected around 952 and 959 GHz (Fig. 5.1).
From these observations, all the physical parameters could be derived for NH, without any
assumption. Their values are listed in Table 5.2, together with those determined for NHD and
ND,.

Table 5.2: Parameters derived for NH,, NHD, and ND».

Species N Texc Vel. FWHM Xu, [X]/[NH;]
(cm™) (K)  (km/s)  (km/s)

o-NH, 5.84(24) x1083 8.6(1) 4.25(1) 0.72(2) 1.1x10™°

NHD  4.24(63) x10'® 7.3(2) 4.193) 0.78(5) 7.7x107°  0.73
p-ND, 5.48(77) x10'2  4.5° 4.66(6) 070 1.0x107°  0.09
0-ND, 3.46(10) x10'' 4.5 4322) 0.70° 6.3 x1072  0.006

Numbers in parenthesis denote the standard error and apply to the last
significant digits. [a] Assumed

The same transition is observed for both NHD and o-ND, at 770 and 527 GHz, respectively
(Figs. 5.2-5.3).

Also, we detected the 2 , — 1;,; transition of p-ND,.

In the case of ND, the line fit required some constraints: the excitation temperature could not
be determined simultaneously to the column density, so it was constrained to a value of 4.5 K.
As initial guess, we assumed its T equal to that of NHD, but this is in contrast with the fact
that the Nk, k. = 11,1 — 09,0 transition is observed in absorption. Moreover, a temperature of
4.5 K would justify the ortho-to-para ratio observed for ND,. The linewidth was also kept fixed
to the NH; value, i.e., 0.7 km/s. The results from the hyperfine-structure analyses of NHD and
ND, are given in Table 5.2.

Results and Discussion

We used the spectral surveys of the CHESS project obtained with Herschel Space Observatory
to detect deuterated forms of amidogen radical towards the pre-stellar core IRAS16293-2422.
This is very first detection of NHD and ND, in the ISM. Assuming a hydrogen column density
Ny, = 5.5 x 10*? [82], we have derived fractional abundances for NHD and ND, of 7.7 x10~'
and 1.0 x107!°, respectively. Also, the deuterium fractionation is calculated to be around 73%
for NHD and 9% for ND,. These values are much higher than those predicted by the mod-
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Figure 5.1: The J = 3/ — /2 (top panel) and J = '/ — /> (bottom panel) components of the
Nka ke = 11,1 — 0,0 transition of 0o-NH, as observed in absorption towards IRAS16293-2422.
The synthetic spectrum (red trace) is plotted against the actual spectrum (black trace); residuals
from the fit are shown in green. Intensities on the y-axis are given as function of the antenna
temperature 7.

els [85]. Therefore our results indicate that an improvement of the models is required because
some important formation channels are probably missing. Additionally, future observations

(although complicated by the atmospheric opacity) would be desirable. The most intense tran-
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Figure 5.2: The J = 3/ — /2 (top panel) and J = '/ — /2 (bottom panel) components of the
Nka ke = 11,1 — 0g,o transition of NHD as observed in absorption towards IRAS16293-2422.
The synthetic spectrum (red trace) is plotted against the actual spectrum (black trace); residuals
from the fit are shown in green.

sition of NHD located at 770 GHz is not accessible with the ground-based facilities working
at present, because of a strong water absorption at this frequency. Thus, its observation can
rely mainly on the a-type Nk, k. = lo.1 — 09,0 transition around 413 GHz (a frequency range
covered by the ALMA 8 Band and the FLASH+ receiver of APEX). As for ND,, the transitions
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detected in this work fall in spectral windows accessible either with the 4GREAT facility on
board SOFIA (490-635 GHz) or ALMA 10 Band (787-950 GHz). This comprehensive study
opens new perspectives for further observations of NHD and ND; in space, which would enable

to make a step towards a more complete understanding of ammonia formation in the ISM.
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5.2 Vibrationally excited aminoacetonitrile in Sagittarius B2

All the data contained in this Section are kindly shared by Dr. Arnaud Belloche, as part of a
collaboration that join laboratory data with astronomical observation. These results will lead to
a scientific publication (to be submitted to the Astronomy & Astrophysics journal), as soon as
the ro-vibrational spectrum of aminoacetonitrile will be recorded and analysed (see §4.5.6).

The astronomical sample

Sagittarius B2 is a giant, chemically-rich molecular cloud located at 120 pc toward the center
of our galaxy, the Milky Way. Sgr B2 is probably the largest molecular cloud in the vicinity of
the core and one of the largest in the galaxy, spanning a region about 45 parsecs across. The
internal structure of this cloud is very complex: it is divided into three main cores, north (N),
main (M) and south (S), where Sgr B2(M) and Sgr B2(N) are sites of prolific star formation.
The cloud hosts various kinds of complex molecules. The surfaces of dust grains are thought
to play a significant role in the network of chemical reactions in Sgr B2, especially in the
production of COMs. Temperatures from 40K to 300 K allow these molecules to evaporate
from the grain-surface and join the gas-phase of Sagittarius B2. Almost half of all the known
interstellar molecules were first found within Sgr B2, and nearly every other currently known

molecule has since been observed in this source.

Spectral survey

We have used a complete spectral line survey toward Sgr B2(N1S), recorded with ALMA in the
frequency range 84.1 GHz and 114.4 GHz (Band 3). More details about the observational setup
are given in Table 1 of Ref. [131]. The observations were performed with a channel spacing
of 244kHz and each spectrum was smoothed to a resolution of 488 kHz (1.7 to 1.3 km/s at
these frequencies). The beam sizes in the ReMoCa survey are 2.5 to 4 times smaller than those
obtained with the EMoCA survey[115]. The sensitivity, in terms of flux density, is a factor of
three times better.

Detection of aminoacetonitrile

We used the spectroscopic results described in § 4.5 to search for aminoacetonitrile toward

Sgr B2(N1S), together with the spectral prediction available for the ground state [156]. The

portions of the spectrum covered by the ReMoCa survey where we expect to detect rotational

transitions above the noise level are shown in Figs. 5.5-5.7. Figure 5.5 shows the synthetic

spectrum of NH,CH,CN in the ground vibrational state, computed assuming a temperature of

200 K, a line-width of 5.0 km/s, and systemic velocity of 62 km/s.

The matches between the synthetic and ReMoCA spectra are quite good, with coincident matches

in those region where aminoacetonitrile signal is uncontaminated by other emissions. Many
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Figure 5.5: LTE spectrum of aminoacetonitrile in its ground vibrational state. The black trace
is the actual spectrum, the red one is the spectrum simulated for NH,CH,CN only, and the blue
synthetic spectrum contains the contributions of all molecules identified in the survey so far,
including aminoacetonitrile.

transitions are blended or completely overlapped by stronger lines and cannot be unambigu-
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ously identified, but eighteen transitions are clearly detected and they are marked with green
stars in Fig. 5.5. These transitions are reported in Table 5.3 along with some spectroscopic
information.

Moreover, five transitions arising from the resonant states vi; = 1 (E, ~ 216 cm™) and v;g = 1
(E, ~ 249 cm™") are detected without contamination from other signals. They are marked
with green stars in Figure 5.6, which shows the synthetic spectrum expected for these two
vibrationally excited states.

In addition to the ground and two lowest-lying excited states, we also searched for transitions
from within the third vibrationally excited state (v;; = 1, E, ~ 370 cm™"). Unfortunately, only
few transitions are predicted to be above the detection limit (307) but they are blended with
stronger emissions of other species, thus preventing their identification (see Fig. 5.7).

The physical parameters used to fit the spectrum of aminoacetonitrile are reported in Table 5.4,
together with those reported earlier [155] in Sgr B2(N).

A rotational diagram has also been built to assess the quality of the simulation.

One of the difficulties is that most transitions of aminoacetonitrile are contaminated to some
extent by emission from other species. The fit of the ground state only (Fig. 5.8) is uncon-
strained, while the one including the v;; = 1 and vg = 1 states (Fig. 5.9) yields a temperature of
250+50 K. This result is consistent with the excitation temperature assumed for the modeling
(200 K). For each population diagram, the optical depth correction has been applied to both the
observed and synthetic populations and the contamination by all other species has been removed
from the observed data-points (right panels of Figs. 5.8-5.9).

Comparison between Sgr B2(N1S) and Sgr B2(N)

The previous line survey where aminoacetonitrile has been detected [155] was taken with the
IRAM 30 m single-dish telescope, whose angular resolution is 25-30” at 100 GHz. This means
that the IRAM 30 m spectrum of Sgr B2(IN) contains the contributions of several hot cores (N1,
N2, N3, and N4 [171]). The 30 m spectrum is dominated by N1, but it includes all scales probed
in the 25-30” beam. Conversely, the ReMoCA spectral survey has a beam of 0.5”, which is
sufficient to spatially resolve the source N1. The continuum emission toward the source center
is nearly optically thick, meaning that the molecular emission cannot be probed at very small
scales toward the center. This is the reason why the source position analyzed is slightly offset
to the south (see details in Ref. [131]), i.e. the N1S core.

It turns out that the modeling of the IRAM 30m [155] and ReMoCA spectra of Sgr B2(N1)
[131] can give different parameters because of all these effects. Thus, the ReMoCA data give
more reliable results because the complex structure of the Sgr B2(N) region is better accounted.
Table 5.4 reports the column density obtained for NH,CH,CN in Sgr B2(N1S) on the basis of
the new ReMoCA survey. For comparison, the value obtained in Sgr B2(N) [155]. It can be
readily seen that the newly determined column density is 3 times larger in Sgr B2(N1S) and

also the temperature is constrained to a value 2 times higher than before (200 K vs. 100 K).
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Table 5.3: Spectroscopic parameters and integrated intensities of aminoacetonitrile transitions
detected toward Sgr B2(N1S) in the ReMoCA survey.

State Transition ~ Frequency (Af)? Au® E° gt Tops® Lot Lut
(MHz) (1072 s (K) (Kkms™)  (Kkms™)

v=0 1050 — 925 90561.324(2) 2.62 289 21 125.1(12) 64.1 1350
v=0 10¢ — 96 90783.530(3) 1.76 68.3 21 166.1(13) 154.3 179.6
v=20 105 — 95 90784.276(3) 2.07 548 21 - - -
v=0 10, -9, 90790.250(3) 1.41 843 21 785(12) 52.1 53.6
v=20 1047 — 94 90798.679(2) 2.31 437 21 156.2(12) 101.0 159.1
v=20 1046 — 945 90799.243(2) 2.31 4377 21 - - -
v=20 1035 — 937 90829.939(2) 2.51 35.1 21 73.3(12) 59.3 60.8
v=0 1037 — 936 90868.033(2) 2.51 351 21 70.8(12) 593 726
v=0 10,8 — 927 91496.110(2) 2.71 29.0 21 84.6(12) 62.8 84.7
v=20 115 - 105 99869.305(3) 2.92 59.6 23 251.1(11) 1694 3429
v=0 11, - 10, 99871.143(3) 2.19 89.1 23 - - -
v=0 1159 —105¢ 99928.881(3) 3.41 39.9 23  86.509) 673 734
v=20 1135 —1037 99990.562(3) 3.42 39.9 23  80.509) 67.6 71.2
v=0 119 - 10,5 100800.879(3) 3.66 33.8 23 90.009) 73.1  76.7
v=0 111101019 101899.797(3) 3.88 30.6 23  113.4(8) 754 135.7
v=0 1211, =111 13 105777.966(3) 4.36 343 25 133.3(12) 83.6 113.6
v=0 1251, —115;0 108581.402(3) 4.62 389 25 144.008) 745 83.1
v=20 12¢ — 11¢ 108948.516(3) 3.60 784 25 137.409) 96.1 101.6
v=0 125 — 115 108956.211(3) 3.97 64.8 25 205.7(8) 107.4 1445
v=0 1219 — 1149 109001.592(4) 1.47 157.1 25 51.2(9) 27.0 28.1
v=0 12y -1l 111076.901(3) 5.05 36.0 25 127.1129) 76.0 106.4
vig =1 105 — 95 90906.892(20) 2.07 410.6 21 46.0(11) 26.8 314
vig=1 10¢ — 96 90906.892(20) 1.77 4244 21 - - -
vip =1 107 -9, 91000.408(20) 1.41 3809 21 11.8(9) 10.1 128
vip =1 11, -10, 100102.569(20) 2.21 3947 23 58.4(11) 382 4638
vip =1 115— 105 100104.598(20) 2.94 3654 23 - - -
vip =1 11150-10;9 102166.400(20) 3.91 336.7 23 33.3(7) 166 255
vip =1 125 — 115 109213.482(20) 3.99 370.6 25 45.009) 373  50.0
vii =1 125 — 113 109214.610(20) 2.69 4182 25 - - —

[a] Frequency uncertainty. [b] Einstein coefficient for spontaneous emission. [¢] Upper-level
energy. [d] Upper-level degeneracy. [e] Integrated intensity of the observed spectrum in

brightness temperature scale. The statistical standard deviation is given in parentheses in unit
of the last digit. [f] Integrated intensity of the synthetic spectrum of NH,CH,CN. [g]
Integrated intensity of the model that contains the contribution of all identified molecules,

including NH,CH,CN.
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Figure 5.6: LTE spectrum of aminoacetonitrile in the resonant vibrational states v;; = 1 and
Vig = 1.
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Figure 5.7: LTE spectrum of aminoacetonitrile in the vibrational state v;; = 1.
Table 5.4: Parameters used to compute the synthetic spectrum.
Source N T Size* Vel. FWHM Reference
(cm™) (K) () (km/s) (km/s)
Sgr B2(N1S) 8.7 x10' 200 2.0 62 5.0 This work
Sgr B2(N2) 2.8x10' 100 2.0 64 7.0 Ref. [155]
[a] Source diameter.
Results

We used the complete 3 mm line survey (84.1-114.4 GHz) obtained with ALMA toward the hot-
core Sgr B2(N1S) to search for aminoacetonitrile signatures. Specifically, we have searched for
emission arising from aminoacetonitrile in its ground and the three low-lying (vi; = 1, vi7 = 1,
and vig = 1) vibrational states.

We report the detection of the pre-biotic molecule aminoacetonitrile toward this source, which
is the second detection of this molecule in the ISM and the first astronomical observation of
vibrationally excited lines.

These observations are based on the spectroscopy described in § 4.5 and on previous works
[154, 156]. Eighteen ground state and five excited states transitions (from vi; = 1 and vig = 1)
are free of any contamination and clearly detected. We failed to detect any emission from
aminoacetonitrile in the v;; = 1 state, which is the highest in energy (E, ~ 370 cm™!), because
the few lines expected to be above the detection level are contaminated by stronger transitions
of other species.

An aminoacetonitrile column density of 8.7x10'® cm™ has been derived for a temperature of
200K and a linewidth of 5km/s. Such temperature is much more constrained with respect to
previous observations and justifies the detection of vibrationally hot lines. Also, the column

density results to be 3 times larger in Sgr B2(N1S). The high abundance and temperature seem
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Figure 5.8: Rotational diagram of NH,CH,CN in its ground state. Experimental points are

indicated in black, while the synthetic population is depicted in red. The purple line is a linear
fit to the observed populations.
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Figure 5.9: Same as Fig. 5.8 with the inclusion of excited state emissions (in blue).
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to confirm that aminoacetonitrile is formed by grain-surface chemistry and the released into the
gas-phase.

Lastly, our future objective is to experimentally determine the energy of the vi; = 1 and vig = 1

states from the FIR spectrum of NH,CH,CN, in order to better evaluate the partition function
U(T) and column density values for aminoacetonitrile.
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6 Conclusions

Of the more than 200 molecules detected in the interstellar medium to date, more than 80%
were discovered through observations of their pure rotational transitions. With few exceptions,
the detection and characterization of molecules in the ISM is preceded by high-resolution spec-
troscopic investigations in the laboratory. It is evident that spectroscopy and astrochemistry are
interdisciplinary subjects which allow astronomers to study celestial objects in many ways.
Each chemical species is an helpful tracer of evolutionary stages of stars and some of them
represent a good proxy for inferring physical properties of a cloud, such as temperature, density,
or shape. Besides the fascination of a new detection of interstellar molecules, astrochemical
observations are crucial to constraint chemical models in astronomy.

In this thesis, I have presented the spectroscopic characterization of small nitrogen-containing
species of astrochemical relevance, from diatomic radicals to complex organic molecules. Any
of these studies aimed at reproducing the ro-vibrational energy levels of these species, in order
to assist their astronomical observations with radio-telescopes. Generally speaking, the inter-
pretation of rotational spectra may be complicated by the existence of resonances, spin-rotation
couplings, and other factors. The use of suitable Hamiltonians and a bit of experience are good
ingredients to disentangle such complexity. Moreover, the accuracy reached by high-resolution
molecular spectroscopy cannot be replaced by quantum-chemical calculations or other ab initio
predictions. This is why I would like to stress out the need for dedicated laboratory spectroscopy
to support and exploit future molecular line observations with new upcoming facilities, espe-
cially those working at high-frequencies, i.e., up to the THz domain.

Among the results obtained in the last three years, I have reported the first astronomical de-
tection of two deuterated radicals, NHD and ND,. These substituted forms of amidogen radi-
cal were expected to be present in the interstellar medium but they were unobserved, mainly
because an important piece of laboratory data was missing. Thanks to our studies, it was
possible to clearly identify molecular absorptions of these species towards the pre-stellar core
IRAS16293-2422, as recorded by the Herschel Space Observatory mission. These observations
confirm the strong deuterium enhancement generally observed in this cloud but they reveal that
models underestimate the abundances of NHD and ND,. It would be desirable to have further
astrochemical observation of deuterated amidogen radical in different clouds in order to better
understand the chemical processes which lead to the formation of ammonia and its progenitor.
Another important outcome was the interstellar detection of vibrationally hot aminoacetoni-
trile. As explained before (§ 4.2), NH,CH,CN is considered the closest precursor of glycine,
the simplest amino acid. One of the main aim of astrochemistry, indeed, is the search of pre-
biotic molecules, i.e., those molecules which are building blocks for the development of life as
we know it. Aminoacetonitrile has already been detected in Sagittarius B2(N2) more than 10
years ago. To date, it was the unique detection of this molecule. Our recent spectroscopic study

allowed the search and the discovery of molecular lines belonging to aminoacetonitrile in its
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low-lying vibrational excited states towards Sgr B2(N1S). The high abundance and temperature
observed in this thesis seem to confirm that aminoacetonitrile is formed by grain-surface chem-
istry and the released into the gas-phase; this represents a small step toward the comprehension
on how complex organic molecules are formed and which processes can lead to the formation
of glycine.

These new discoveries should encourage new laboratory studies, in several directions. The
isotopic fractionation processes are one of the most interesting, because it is known the isotopic
ratios in Space change from region to region. Deuterium, '*C, and "N-substituted species
are often targeted in astronomical observations, so they are good candidate to be studied by
spectroscopists.

Another interesting class is constituted by pre-biotic molecules. With the aim of understanding
the origin of life, any species related to amino acids, nucleic acid, or other biological molecules
offer a starting point from which the chemical complexity increases. In general, this family is
composed by molecules containing carbon, nitrogen, and oxygen, three elements considered
essential for life. Also, phosphorous-containing species have recently been included because of
its biological role.

The last kind of species I would like to mention is unstable molecules. Interstellar environments
are quite different from the terrestrial ones and this results, of course, in different chemical
compositions. Radical and ions can survive only for very short periods on Earth, while they
can be abundant in the ISM. For sure, there would be constituents of molecular clouds which
are hard to be studied, and produced, in laboratory. To this regard, it is important to equip our
spectrometers with systems which efficiently produce unstable species.

In my thesis, I have mainly mentioned electric discharge and a laser ablation systems for the
production of radicals. Other feasible techniques, for example, are thermolysis, photolysis,
and pyrolysis. Our submillimeter spectrometer in Bologna is connected to a quartz reactor
surrounded by a 1200°C oven for Flash Vacuum Pyrolysis experiments. This system has been
used successfully for the production and the study of a number of semi-stable molecules (some
of them are reported in the Appendixes). However, not all the species formed in the pyrolysis
mixture survive before entering the absorption cell: radicals and ions are quickly destroyed by
collisions.

Future plans for our laboratory consist in the building of a new absorption cell that will allow
us to (i) study the whole pyrolysis mixture at temperatures up to 1300°C and (ii) perform high-
temperature spectroscopic studies. The cell (6 cm in diameter) will be made out of quartz and
surrounded by a 1 meter-long oven. In this way, the electromagnetic radiation passing through
the cell will probe every species formed during the pyrolysis.

Hopefully, the new set-up will open new perspectives on the spectroscopic characterization
of astrophysical important species. Our efforts will focus on the study of new radicals and

vibrational excited states of molecules present in warm region of the interstellar medium.
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7 Appendixes

7.1 Infrared and Millimeter Spectra of Trifluoroethene in

some Vibrational Excited States

In the last decades, great attention has been devoted to the search for suitable replacements of
those gases used for domestic and industrial purposes which strongly contribute to atmospheric
pollution, in particular to the ozone hole and to the greenhouse effect. Unsaturated hydrofluo-
roolefins (HFO’s) are interesting alternatives to chlorofluorocarbons.

The atmospheric importance of trifluoroethene (CF,=CHF) has stimulated a number of spec-
troscopic papers. We report a combined microwave and infrared investigation carried out on
trifluoroethene, an asymmetric top molecule. The rotational spectra were recorded using a
frequency-modulation millimeter spectrometer. Extensive measurements and assignments were
made for the ground and the low-lying vibrational states. Accurate spectroscopic constants
were obtained from the analysis of thousand lines recorded in the frequency ranges 80-96 and
245-260 GHz. The high-resolution (0.004 cm™") FT-IR spectra were studied in the region and
450-1600 cm™!; besides the assignments of the fundamentals, absorptions coming from the hot

bands were identified.
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Figure 7.1: Portion of the infrared spectrum of trifluoroethene recorded at P = 0.8,Torr, L =
3 m, 800 scans).

Also, a lower resolution spectrum (0.01 cm™!) was recorded and assigned in the region (200—
400 cm™!) of the two lowest fundamentals v and v;,. The manuscript is currently on the writing

stage and will be submitted to the Journal of Quantitative Spectroscopy and Radiative Transfer.
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7.2 The THz Spectrum of Ethylene Glycol and Application
to ALMA Band 10 Spectral Line Data of NGC 63341

The rotational spectrum of the most stable conformer of ethylene glycol (aGg” HO(CH,),OH)
has been recorded between 360-890 GHz using a frequency-modulation submillimeter spec-
trometer. The refinement and extension of the spectroscopic parameters over previous efforts
provides predicted catalog frequencies for ethylene glycol with sufficient accuracy for compar-
ison to high-frequency astronomical data. The improvement in the cataloged line positions, and
the need for improved accuracy enabled by high-frequency laboratory work, is demonstrated by
an analysis of ethylene glycol emission at 890 GHz in the high-mass star-forming region NGC
63341 using in ALMA Band 10.
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Figure 7.2: (Top) ALMA spectra of NGC 63341 in Band 10, with simulated lines of EG
from the analysis carried out in this work overlaid in red. The simulation was performed at
T = 135K, AV =3.2kms™ !, and visg = -7kms~!. (Bottom) ALMA spectra of NGC 63341
in Band 10, again with simulations from this work in red and using the constants derived by
Christen & Miiller [172] inverted and in blue, zoomed in to show the frequency disagreement.

The manuscript has just been accepted for publication in The Journal of Physical Chemistry A
(DOI: 10.1021/acs.jpca.9b10803).
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7.3 Lamb-dip Spectroscopy of CH,D**C1 and CH,D*'Cl

When a monochromatic radiation crosses two times the absorption cell in the so-called “double-
pass configuration” and the sample pressure is kept low (saturation regime), the resulting line
profile is distorted because of optical saturation. More precisely, a depletion centered at the rest
frequencies of each absorption transition is observed [173]. This effect is known as Lamb-dip
and its advantage consists in the fact that the dip does not show a Doppler broadening. As
result, line positions are measured with enormous accuracy even at high frequencies. In this
work we exploited the Lamb-dip technique to study the millimeter spectra of CH,D*Cl and
CH,D?'Cl, which were unknown. Hundreds transitions, both a- and b-type, were recorded
for each isotopologues. The hyperfine structure, caused by the presence of the non-vanishing

nuclear spin of Cl, has been resolved in most cases, as shown in Figure 7.3.
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Figure 7.3: Two transitions of CH,D*Cl recorded in the Lamb-dip regime. The size of each
hyperfine splitting is indicated for clarity.

Chloromethane (CH;3Cl) is the simplest CFC and has known to be present in our atmosphere
since a long time. More recently, it has also been observed in the ISM for the first time. Together
with CH3F, it has been detected in the gas surrounding the low-mass protostar IRAS16293-2422
using ALMA. Since this object is one of the richest source of deuterated species in the ISM,
a dedicated search of CH,DCI in some IRAM 30 m spectral surveys will be performed in the
early 2020.
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7.4 Rotational and Infrared Spectroscopy of Ethanimine: a

Route toward its Astrophysical and Planetary Detection

Ethanimine (CH;CHNH), a possible precursor of amino acids, is considered an important pre-
biotic molecule and thus may play important roles in the formation of biological building-
blocks in the interstellar medium. In addition, its identification in Titan’s atmosphere would be
important for understanding the abiotic synthesis of organic species. An accurate computational
characterization of the molecular structure, energetics and spectroscopic properties of the E
and Z isomers of ethanimine has been carried out by means of a composite scheme based
on coupled-cluster techniques, which also accounts for extrapolation to the complete basis-
set limit and core-valence correlation correction, combined with density functional theory for

the treatment of vibrational anharmonic effects.
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Figure 7.4: Equilibrium (CCSD(T)/CBS+CV, in black) and ZPE-corrected (B2PLYP-
D3BJ/maug-cc-pVTZ-dH, in blue) energies for the Z isomer minimum and methyl internal
rotation transition states (TSg, TS,) with respect to E-CH;CHNH. Values in parentheses are
referred to the Z isomer.

By combining the computational results with new millimeter-wave measurements up to 300 GHz,
the rotational spectrum of both isomers can be accurately predicted in the millimeter-wave re-
gion. Furthermore, our computations allowed us to revise the infrared spectrum of both E- and
Z-CH;CHNH, thus predicting all fundamental bands with high accuracy. This work has been
published in The Astrophysical Journal (Melli et al., 855:123, 10pp, 2018).
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7.5 Semi-Experimental Equilibrium Structure of

Phosphapropyne from Spectroscopy of CH3CP and CD;CP

Trideuterated 1-phosphapropyne (CD;CP) has been produced by co-pyrolysis of phosphorus
trichloride and esadeuterated ethane. The rotational spectra of CD;CP in the ground and the
low-lying vibrational states vg (CCP bending mode) and 2vg have been investigated in the
millimeter-wave region. Very accurate values of the quartic centrifugal distortion constants
D; and D,k and of the sextic distortion constants H;x and Hg; have been obtained for the
ground state. [-type resonance effects have been taken into account in the analysis of the spectra
of the degenerate bending states, so that the energy difference between the v'é' =29 and v'é' =
22 states could be determined, together with a number of spectroscopic constants involved in
the [-type resonance. Moreover, for the parent isotopologue CH;CP a new set of excited-state
lines (vg = 1, 2 and v4 = 1) were recorded up to 330 GHz, and a global analysis including all
available rotational and ro-vibrational transitions related to the ground and vg = 1, 2 states has
been performed. A satisfactory fit could only be obtained by making a reassignment of the few
transition wavenumbers previously measured for the 2vg — vé—*l hot band [174].

The experimental work has been combined with quantum-chemical computations. Quadratic
and cubic force constants of 1-phosphapropyne have been calculated at MP2 level of theory
with a basis set of triple-{ quality. A semi-experimental equilibrium structure has been derived
by correcting experimental ground-state rotational constants by means of theoretical vibration-
rotation interaction constants.
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Figure 7.5: Portion of the millimeter-wave spectrum of CH;CP overlaid to the best equilibrium
structures of 1-phosphapropyne.

The manuscript has just been accepted for publication in the Journal of Molecular Structure
(DOI: 10.1016/j.molstruc.2019.127429).
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7.6 Rotational and High-resolution Infrared Spectrum of
HC;N: a Global Ro-vibrational Analysis

Cyanoacetylene (HC;N) is an ubiquitous molecule in interstellar environments, from exter-
nal galaxies, to Galactic interstellar clouds, star forming regions, and planetary atmospheres.
Observations of its rotational and vibrational transitions provide important information on the
physical and chemical structure of the above environments. We have recorded the high-resolution

infrared spectrum from 450 to 1350 cm™!

, a region dominated by the intense vs and v¢ funda-
mental bands, located at 660 and 500 cm™!, respectively, and their associated hot bands. Pure
rotational transitions in the ground and vibrationally excited states have been recorded in the
millimeter and submillimeter regions in order to extend the frequency range so far considered in
previous investigations. This work represents the most complete global analysis of the spectro-
scopic data of HC;N. All the transitions from the literature and from this work involving energy
levels lower than 1000 cm™! have been fitted together to an effective Hamiltonian. Because of
the presence of various anharmonic resonances, the Hamiltonian includes a number of interac-
tion constants, in addition to the conventional rotational and vibrational /-type resonance terms.
The data set contains about 3400 ro-vibrational lines of 13 bands and some 1500 pure rotational
lines belonging to 12 vibrational states. An extensive list of highly accurate rest frequencies has
been produced to assist astronomical searches and data interpretation. These improved data,

have enabled a refined analysis of the ALMA observations towards Sgr B2(N2).
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Figure 7.6: Transitions of HC;N, v4 = 1 covered by the EMoCA survey. The best-fit LTE
synthetic spectrum of HC;N is displayed in red and overlaid on the observed spectrum of
Sgr B2(N2), shown in black. The green synthetic spectrum contains the contributions of all
molecules identified in the survey. The arrows mark lines where the new spectroscopic predic-
tions improve the agreement between the synthetic and observed spectra.

This work has been published in The Astrophysical Journal Supplement Series (Bizzocchi et
al., 233:11, 20pp, 2017).
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7.7 Laboratory Measurements and Astronomical Search of

C-cyanomethanimine

C-cyanomethanimine (HNCHCN), existing in the two Z and E isomeric forms, is a key pre-
biotic molecule. Prior to our work, only the E isomer had been detected toward the massive
star-forming region Sgr B2(N). With the aim of detecting HNCHCN in Sun-like-star form-
ing regions, the laboratory investigation of its rotational spectrum has been extended to the
millimeter-/submillimeter-wave spectral window in which several unbiased spectral surveys
have been already carried out. We then searched for the C-cyanomethanimine spectral features
in the mm-wave range using the high-sensitivity and unbiased spectral surveys obtained with
the IRAM 30-m antenna in the ASAI context, the earliest stages of star formation from starless
to evolved Class I objects being sampled. Unfortunately, no C-cyanomethanimine emission has
been detected toward the ASAI targets, and upper limits of the column density of ~ 10''-10!2
cm™2 could only be derived.

After our work, the first detection in the ISM of the Z-isomer of C-cyanomethanimine has been
reported towards the Galactic Centre quiescent molecular cloud G+0.693 with the IRAM 30m
telescope, thanks to the identification of six transitions around 100 GHz.
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Figure 7.7: IRAM 30m spectra of Z-cyanomethanimine towards G+0.693. The red curves
correspond to the LTE best fit obtained with 7,, = 8 K, AV = 20kms™!, v;,, = 68.3kms~!, and
N = 2x10"cm™. The quantum numbers of each transition are shown in blue in each panel.
Other molecular species identified in the spectra are also indicated.
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7.8 Unveiling Deuterium Splittings in the Hyperfine
Structure of NH,;D with Lamb-dip Spectroscopy

Recently, the analysis of rotational lines of interstellar NH,D has been revised to take into
account the hyperfine splitting caused by the deuterium nucleus [175]. The study was motivated
by the inconsistencies found between the line widths of the transitions around 3 mm and those

at I mm, probably originating from the negligence of D splittings.
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Figure 7.8: Fits of 0-NH,D and p-NH,D lines at 86 and 110 GHz, respectively.

The authors pointed out that such negligence leads to an overestimation of the linewidth of about
50%, which reflects directly on the derived column densities. We decided to re-investigate the
millimeter spectrum of deuterated ammonia NH,D with the Lamb-dip technique, in order to

resolve the D-hyperfine structure and confirm the results of Daniel et al. [175].
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Figure 7.9: Lamb-dip spectra of the 1, ; — 1y transition for o-NH,D and p-NH,D, where some
splittings due to D hyperfine interactions are resolved. Computed spectra are shown in red.

The measurements have been carried out with a tiny flow of ammonia (less than 1bar) in a
glass absorption cell where D, had previously been discharged. These conditions allowed us to

resolve some D-hyperfine components for both the ortho and para species.
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