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Chapter 1

Introduction

The topic of this thesis is the application of spectroscopy to astrochemistry. In particular, it
concerns different spectroscopic studies that can support the investigation of the chemical com-

position of astronomical objects such as molecular clouds and planetary atmospheres.

1.1 Spectroscopy

Spectroscopy is the field that investigates the interaction between radiation and matter: ab-
sorption, emission, and scattering of electromagnetic radiation as a function of its frequency.
Molecular spectroscopy is that part of spectroscopy where matter is a molecular system.

Spectroscopy has been applied to a wide range of scientific and technical fields. For in-
stance, radio-frequency spectroscopy of nuclei in magnetic fields has been used in the magnetic
resonance imaging (MRI) technique, which enables high-resolution imaging of the body tis-
sues. Microwave spectroscopy is largely employed in the structural characterization of isolated
molecules. The spectroscopic techniques employing high-energy particle accelerators are ap-
plied to explore the intrinsic structure of protons and neutrons, as well as the state of the early
universe. Moreover, optical, radio, and X-ray spectroscopy can be used to identify interstel-
lar molecules, the composition of stars, and even the amount of primordial abundance of the
elements prior to star formation.

The different spectroscopic techniques are usually classified according to the portion of the
electromagnetic spectrum involved. The different regions of the electromagnetic spectrum are
classified into radio/TV, microwave (MW), infrared (IR), visible (VIS), ultraviolet (UV), X-ray,

and y—ray regions, as shown in Table 1.1.1.



Table 1.1.1: Regions of the electromagnetic spectrum.

Region Wavelength Frequency Properties
Radio/TV 1 m and more 300 MHz and below Nuclear spin transitions
Microwave 1 mm-1m 300 MHz - 300 GHz Molecular rotations; Electron spin transitions
Infrared 700 nm -1 mm 300 GHz - 430 THz Molecular vibrations
Visible 400 nm — 700 nm 430 THz — 750 THz Valence electron transitions
Ultraviolet 10nm -400nm 750 THz — 30 PHz Valence electron transitions
X-ray 0.0l n m-10nm 30 PHz - 30 EHz Inner-shell electron transitions
~-ray less than 0.01 nm more than 30 EHz Nuclear energy transitions

Two of the regions above, MW and IR, have been considered in this thesis. The correspond-
ing spectroscopic techniques are rotational spectroscopy and (ro-)vibrational spectroscopy, re-
spectively. The former type of spectroscopy investigates the rotational motion of molecules in
the gas phase. Rotational transitions occur as the result of the interaction between the molec-
ular electric dipole moment and the electromagnetic field of the radiation. A pure rotational
transition takes place between two energy levels belonging to same vibrational state, while a
ro-vibrational transition occurs between two rotational energy levels that belong to different
vibrational states.

Recording and analyzing rotational and ro-vibrational spectra have been the major activities
performed during my PhD. For the purpose of this thesis, it has to be noted that the so-called
far-IR (FIR) region, which covers the frequencies from 300 GHz to 3 THz, is also denoted as
submillimeter-wave range. Both rotational and ro-vibrational transitions can lie in this fre-

quency range.

1.2 Astrochemistry

Astrochemistry is the study of the chemistry that occurs across the universe, with the detec-
tion of interstellar molecules being essential to understand cosmic evolution toward molecular
complexity [1]. The census of interstellar molecular species currently exceeds 270 different
species [2—-6], and includes radicals, ions, and organic molecules. Among these, the discoveries
of complex organic molecules (COMs) and potentially prebiotic species have further stimulated
the search of the building blocks of life in the universe and the attempt of understanding of how

they form.



Most of interstellar molecules have been discovered by observations of their rotational tran-
sitions, while a small number of them have been identified by optical or IR observations of their
electronic or ro-vibrational spectra [5,7]. Radio astronomy is thus the most powerful technique
for the identification of individual molecules in the ISM. The Atacama Large Millimeter/sub-
millimeter Array (ALMA) [8] is one of the most powerful facility for the observation of molec-
ular signatures in a variety of astrophysical objects, including remote galaxies and planets. With
ten different bands (from 0.32 to 3.6 mm), ALMA covers a spectral window wherein most of
the rotational transitions fall, thus allowing to probe a great variety of chemicals: from light to
medium-sized molecules. However, the assignment of radio astronomical spectra requires the
accurate knowledge of the spectroscopic features of the molecules present in the astronomical
object under consideration [5,7]. This implies that these molecules have been investigated in
the laboratory, which means that the rotational (or ro-vibrational) spectrum is recorded and an-
alyzed. Currently, hundreds of features in the astronomical spectral surveys taken with ALMA
or other powerful radio telescopes such as Yebes [9] are still not assignable to molecules al-
ready studied in the laboratory. This thus leads to the need of spectroscopic investigations in
the millimeter/submillimeter-wave (mm/submm-wave) region for “new” molecular species.

However, radio telescopes are completely blind to molecules that have no permanent electric
dipole moment. For instance, the atmospheres of several planets, such as Mars and Titan, have
large amounts of CH,, which cannot be observed through radio telescopes (as it will be made
clear in Chapter 2). In addition, radio telescopes can only detect species that are in the gas
phase. IR telescopes are thus powerful tools for the discovery of molecules that cannot be
studied with rotational spectroscopy and for those that are in condensed phases.

Since the Earth atmosphere is not transparent to IR radiation, vibrational and ro-vibrational
features are “captured” by space IR telescopes such has the James Webb Space Telescope
(JWST), which has been launched on the Christmas day 2021 as a follow-on mission to the
Hubble Space Telescope. The JWST has on board three high-sensitivity IR spectrographs and

the first spectacular images have already been provided.

1.3 Outline

The main topic of this thesis is the investigation of the rotational and ro-vibrational spectra of

selected molecules of astrophysical importance. This required the recording and analysis of



spectra in the mm/submm-wave, FIR, and mid-infrared (MIR) regions. The structure of this

thesis is as follow:

* Chapter 2 focuses on the fundamentals of molecular spectroscopy, the focus being on
rotational spectroscopy and ro-vibrational spectroscopy. The basic concepts of the Mea-
sured Active Rotational-Vibrational Energy Levels (MARVEL) approach are also pro-
vided.

* Chapter 3 describes the spectrometers used during the PhD research work: the millimeter-
/submilimeter-wave spectrometer and the Fourier-transform IR spectrometer at the Uni-
versity of Bologna. The largest part of my research has been carried out with the former
spectrometer, which is located at the Department of Chemistry “Giacomo Ciamician” of

the University of Bologna.

* Chapter 4 presents the most important systems investigated during my thesis work. The
investigated molecules that will be addressed are: H,CO, HDS, DC;N, HC;N, NH,CH,CN,
CH,=CH—CH=NH and CH,=CH—N=CH,. These last two species are unstable and the

strategies for their production “on-the-fly”” will be also presented.

* Chapter 5 reports the concluding remarks of my work.



Chapter 2

Theory

2.1 Rotational Spectroscopy

2.1.1 Molecular rotation

At the first degree of approximation, the rotational motion of a molecule can be described as
that of a rigid body. The associate energy F is a function of the angular velocity vector w and
parametrically depends on the moment of inertia tensor I which describes the size and mass

distribution of the rotating system

1
F=-wlw, (2.1)
2

where the superscript 7' denotes matrix and vector transposition. The moment of inertia is a
3 x 3 matrix whose elements are defined in terms of the mass and coordinates of all NV particles

which compose the system. They are:

* diagonal elements, also called “moments of inertia”
N
Lo =Y _mi (13 +12) (2.2)
* off-diagonal elements, also called “products of inertia”
N
Ip ==Y mMiTiaTis (23)

where m; is the mass of the ¢-th particle, 7;, its coordinate, and «, 5,y = =z, y, 2, cyclically. In



principle, the choice of the coordinate system is immaterial for the description of the energy, but
the most convenient approach is the one in which the origin is located at the center of mass of the
system, and the axis orientation is such that the products of inertia, defined by Equation (2.3),
are all vanishing.
Adopting this particular choice, called “principal axis system” (hereafter PAS), Equation (2.1)
becomes
J: I g2

E=lt 4y 2 2.4
21, " 21, Tar @4

in which [, represent the non-zero diagonal elements of the principal inertial tensor, and .J,,

the v component of the rotational angular momentum, defined as
Jo =1, (2.5)

Conventionally, the body-fixed PAS coordinate (x, y, 2) is relabeled as (a, b, ¢), and its order is

defined in such a way that for the three principal moments of inertia it holds
[a < [b S Ic . (26)

A rotating system can be classified in terms of the relative relations among the three prin-
cipal moments of inertia /,. If two such components are equal and the third is non-zero the

system is classified as “symmetric rotor”, for which two different cases exist:

* prolate (cigar-shaped) symmetric rotor, when /. = [, > I, ,

* oblate (disk-shaped) symmetric rotor, when 1. > [, = I, .

Any molecule which possesses (at least) a three-fold symmetry axis enters this classification.
Figure 2.1.1 depicts two prototypical examples of prolate and oblate symmetric molecules:
fluoromethane (CH3F), in which carbon and fluorine atoms lie on the symmetry axis, is prolate,
whereas boron trichloride (BCls), with three heavy off-axis chlorine atoms, is oblate. If the
three moments of inertia are equal one another (/, = [, = I..), then the rotor is a spherical one
and it is of no interest in rotational spectroscopy because such a high symmetry implies a null
dipole moment along each inertial axis.

A linear molecule, is a special case of the prolate symmetric rotor, for which there is no
mass contribution outside the oo-fold symmetry axis, thus yielding I, = 0,1, = I. # 0. A

classical example is HCN, shown in Figure 2.1.2. In the most general molecular case, there

6



CH.F

3

Figure 2.1.1: Principal inertial axes of fluoromethane (A) and boron trichloride (B).

HCN

Figure 2.1.2: Principal axes of inertia of inertia of HCN.

is no special relation among the principal moments of inertia, and they are all three non-zero

L#A04TL#L#0.

2.1.2 Euler angles

A convenient way to describe the rotation of a system in space is to introduce a minimal set of
angles (0, ¢, x) defining the orientation of the reference axis system attached to the molecular
frame (x, y, z) with respect to the one fixed in space (X, Y, Z). These three rotation coordinates
are called Euler angles and are depicted in Figure 2.1.3.

The space- and molecule-fixed systems can be connected by employing the following trans-



Space-fixed

Molecule-fixed

Figure 2.1.3: Euler angles 6, ¢, x (rotational coordinates) related the molecule-fixed and space-
fixed reference system. Rotation around Z by ¢ to (z/,%/, 2'); rotation around y’ by 6 to
2"y, 2", rotation around 2" by x to (z,y, 2).

formation:

X
y | = R()Ry(O)R.(0) | YV |, (2.7)
A

that is, three successive rotations by (¢, f, x) about the axis z, 1/, and the transformed z, respec-
tively. Such an operator product is equivalent to a vector transformation through the following

3 % 3 orthogonal matrix

R.(X) Ry (0)R(¢) =
cos ¢ cos B cos f — sin ¢ sin y sin ¢ cosf cosxy + cospsiny  —sinfcosy
—cos¢gcosfsiny —singcosy —singcosfsiny +cos¢cosy sinfsiny (2.8)

cos ¢sinf sin ¢ sin 6 cos

= ®(0,0, x),

whose elements are called direction cosines.



2.1.3 Quantum mechanical treatment

The quantum formulation of the rotational energy is obtained by replacing the classical expres-

sion of the angular momenta with the corresponding quantum operators (J,,) which, in turn, can

be derived from the well known expression of the linear momentum operators p,, by recalling

that:
J=rxp, and p=(h/i)V,

where V is the gradient operator whose cartesian components are

. 0. 0.
V—%X-I—a—y +£Z,

where X, ¥, z are unit cartesian vectors. It results:

9 0

Jazﬁpy—wﬁ:—l@@v—v%

The square of the angular momentum is defined as
T2 72, 52 72.
J=J, +J,+ T
such operator has the following commutation properties!

320 =0, [Ja,Js]=iJ,, o B,7v=xzy,2, cyclically.

) , a,B,y=uwz,y,z, cyclically.

(2.9)

(2.10)

2.11)

(2.12)

(2.13)

That is, the square of the angular momentum commutes with any of its components, whereas

two different components of J do not commute.

Following standard quantum mechanical theory [10], it can be shown that there exist states

|J, M) that are simultaneous eigenfunctions of J% and any component (but only one) of J, say

'In quantum mechanics, the commutator of two operators A and B is defined as [121, B] = AB— BA. Two
operators “commute” when [A, B] = 0, in this case it can be shown that they share a common set of eigenfunctions.

For details see Ref. [10].



Jz . The relevant non-vanishing matrix elements are:

(J,M|J?|J M"Y = J(J 4+ 1) 85500010 (2.14)
(J, M| T T, My = M’ 8, 5ns 0 (2.15)
<J7M\jX|J/>M/> = J(J+1) = M/ (M £ 1)]"% 65 360041 (2.16)
(J, M’jY’J/aMI> = Fig[J(J + 1) = M'(M' £ 1)]"? 6, 500 ppr1 (2.17)

where ¢4 p represents the Kronecker delta function.

By replacing the angular momentum components with the corresponding operators in the
Equation (2.4), one gets the general expression of the quantum mechanical Hamiltonian for a
rigid rotor:

H——J2 L —J2+ L

o
57 o1, QIZJZ . (2.18)

Once the appropriate relabelling (x, y, x — a, b, ¢) is made, the above equation becomes
H.=AJ? + BJ2 + CJ?, (2.19)

Where the coefficients A, B, C defined (in frequency units) as

h h h
A= p=_ o= 2.20
82, ’ 82l ’ 8m2l,.’ ( )

are the rotational constants of the molecule under consideration.

Symmetric molecules

A symmetric rotor has two equal angular momentum components. For a prolate-type rotor, it
holds I, < I, = I. which, in terms of rotational constants, means A > B = (. Then, using

Equation (2.12), the rotational Hamiltonian, Equation (2.19) can thus be written as
Hypo = BJ* + (A— B)J?. (2.21)

By standard quantum mechanical treatment [10, 11], it can be shown that, when the rotational
Hamiltonian has the form of Equation (2.21), it exists a set of state vectors which are simulta-
neous eigenfunctions of the square of the total angular momentum J2, of one of its component

along the space-fixed reference system (say J7), and of the component referred to the symme-

10



try axis of the molecule, .J.. Such state vectors are defined as |J, K, M), where J denotes the
principal quantum number, K the quantum number associated to the projection of the total an-
gular momentum along the molecular axis z, whereas M is quantum number associated to the
projection along the space-fixed axis Z. Both K and M quantum numbers can assume (2.J + 1)
values, namely J, J — 1,... — J; thus, for each rotational level .J, there are (2.J + 1)2 sublevels.
In absence of applied external fields, however, (2 + 1) sublevels with different M/ are degen-
erate, according to the fact that all the directions in space are equivalent. The time-independent

Schrodinger equation for a rigid symmetric rotor thus takes the form
Hipol J, K) = Ej x| J, K (2.22)
whose eigenvalues F/; i are
Ejx=BJ(J+1)+(A-B)K?*. (2.23)
The above expression holds for the prolate rotor; the oblate-type formulation yields
Ejx=BJ(J+1)+(C—-DB)K>. (2.24)

Equation (2.23) and (2.24) show that the rotational energy depends on K2, thus levels with the

same | K| (and K # 0) are doubly degenerate.

Diatomic and linear molecules

For a diatomic molecule or, more in general, for any linear molecule, the moment of inertia
along the symmetry axis is null, whereas the two perpendicular components are equal to each
other: I, = 0,1, = I. = I. In the rigid-rotor approximation, the projection of the angular
momentum along the (co-fold) symmetry a axis is identically zero, thus Schrodinger equation
simplifies to

HilJ) = BJ(J +1)]J) . (2.25)

Asymmetric molecules

In the general case, when a molecule lacks a three- (or higher-)fold symmetry axis, the rotational

Hamiltonian (Equation (2.18)) cannot be further simplified and the corresponding Schrodinger

11



equation does not possess a closed analytical solution. A convenient way to obtain the eigenval-
ues and the eigenfunctions is to apply the variational principle and to adopt the symmetric rotor
wavefunctions |.J, K, M) as a base to build up a complete representation of the Hamiltonian.
The complete subspace for any given .J consists of (2.J + 1) basis functions, each labeled with a
different K" quantum numbers. This means that the unknown asymmetric rotor eigenfunctions
osm(0, ¢, x) can be expressed in terms of a linear combination of the symmetric rotor basis
function |J, K, M) as

U0, 6,x) = axlJ, K, M). (2.26)

K

On substituting Equation (2.26) into the general Schrodinger equation expression

Hosym® 21 (0, 6, X) = E® 1000, 6, %) , (2.27)

one gets

> axHuymlJ, K, M) = EY " ax|J, K, M) . (2.28)
K K

After multiplying by the bra (.J, K’, M| and integration one easily finds that the energies are the
roots of the (2J + 1) x (2J + 1) secular determinant

|Hasym(K'K) — Edgor | =0, (2.29)

where Hyym(K'K) is the (2J + 1) x (2J + 1) square Hamiltonian matrix illustrated in Fig-

ure 2.1.4. It can be seen that there are no non-zero matrix elements that connect different J. As

J=0 J=1 J=2 i
| Hyex |
H[(’K 0 HK,K 12
0 HK « 0
HK,K , 0 HK, K-
H (KK)= Hee 0 Hevs 0 0
asym ) 0 HKK 0 HK)K B O
HK,K—Z 0 HK,K 0 HK,K+2
0 HK,K—Z 0 HK « 0
0 0 Heer 0 Hy ¢

Figure 2.1.4: Excerpt of the Hamiltonian matrix for an asymmetric molecule represented using
the symmetric rotor basis set.

12



a consequence, the Hamiltonian matrix is factorized in blocks each of which has (2J 4 1) x
(2J + 1) dimension. Within each block, the relevant matrix elements of the operators present

in Equation (2.18) are?

(J,K|J*|J,K) = K2, (2.30)
(JK|J2 T, K) = (JK|J2|JK) = [J(J +1) - K*] , (2.31)
(JK|J2|J, K £2) = (J,K|J?|J, K £ 2) =
= YT +1) - KK £ D] [J(J +1) — (K £ 1)(K £2)]}'/* .
(2.32)

It can be seen that, in the rigid-rotor approximation, the Hamiltonian matrix is in the tridiagonal
form as only diagonal (AK = 0) and AK = £2 matrix elements are non-zero.
The solution of the secular determinant Equation (2.29) can be obtained numerically by

diagonalization of the Hamiltonian matrix H,eym (/K'K)
VT Hyym(K'K)V = E(K) , (2.33)

in which the columns of the square orthonormal matrix V contains the eigenvectors (i.e. the ax
coefficients of Equation (2.26)), while the vector E(K') gathers the 2.J + 1 energy eigenvalues.
It is useful to visualize an asymmetric molecule as an intermediate case between prolate-
and oblate-type symmetric rotors, and the degree of asymmetry can be described by the Ray’s
parameter ~, defined as
_2B-A-C

K= o (2.34)

Prolate and oblate symmetric molecules have x = —1 and x = 1, respectively, whereas inter-
mediate values pertain to asymmetric species. Due to the asymmetry, the original degeneracy in
K 1is lifted, and K itself is no longer a good quantum number. On the other hand, the rotational
energy levels of an asymmetric molecule can be related to the symmetric prolate and oblate
rotor limiting cases, as illustrated in Figure 2.1.5. The plot clearly illustrates the correlation
existing between the asymmetry doublets and the corresponding degenerate levels for prolate
(referred to the a symmetry axis) and oblate (referred to the ¢ symmetry axis) symmetric rotor.

This suggest that the asymmetric rotor energy levels can be labeled using the two “pseudo”

%In the following we omit the quantum number M from the state vector notation as the present treatment does
not take into consideration the effect of external applied field.

13



Prolate top Asymmitric top Oblate top

J=2
J=2
=1
=1
J=0 K=(0 ———— e 00’.0 . K=0 J=0
Ka JKa,Kc Kc
] »
-1 0 +1

Figure 2.1.5: Relation of the asymmetric rotor energy levels to those of the limiting prolate and
oblate symmetric rotor cases.

quantum numbers K,, K., which recall the corresponding K to which they correlate to in the

two limiting prolate and oblate cases.

2.1.4 Vibro-rotational Hamiltonian

When one lifts the rigid rotor approximation, the molecule can distort elastically its structure
and thus vibrations shall be considered together with rotation to accurately describe the molec-
ular motion. The derivation of the ro-vibrational Hamiltonian has been obtained in several
textbooks and reviews [12, 13] and only the result is reported here:

3N-6
~ 1

A~ N ~ ~ 1 9 1
H = 5 azﬁ(Ja - Ha)ﬂaﬁ(Jg — Hﬂ) + 5 ; WrPr t+ V(qk) — g Zﬂaa , (235)

where p,p are the components of the inverse inertia tensor, g are the dimensionless normal

coordinates and py, are their conjugate vibrational momentum operators, defined as,

P = _ind (2.36)
an
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The quantities g, relates to the normal coordinates® @, and the corresponding harmonic fre-
quencies wy.

@ =w*Qx . (2.37)

The operators II,, and I 5 are the vibrational angular momentum operator containing the vibration—

rotation Coriolis interaction coefficients ()}

1/2

~ w R

M.=>"¢ (w—;) Gy - (2.38)
kl

Here, (}; represents the elements of the anti-symmetric Coriolis zeta matrix that couples g, and
qr around the a—axis through the rotation [10, 14]. The last term of Equation (2.35) is known as
Watson term, which depends on the vibrational coordinates and acts as a mass-contribution cor-
rection to the potential. V'(g) denotes the vibrational potential energy expressed as a Taylor’s

expansion about the equilibrium position with respect to the dimensionless normal coordinates

qk

1 1 1
Vi) =5 @i+ ¢ D fram®in + 57 D Frtmn@iGmtn + - (2.39)
k

k,l,m k,l,m,n

with cubic and quartic force constants expressed as:

PV

frim = (a—) ; (2.40)
qkq19m /) .
NV

Jrtmn = <—a ) . (2.41)
WQiGmn ) .

The final expression of the vibro-rotational Hamiltonian can be summarized in
H=> Hyn, (2.42)

where m expresses the power of the vibrational operators (normal coordinates ¢, and linear
momentum py), while n indicates the grade of the rotational operators J,,. This expression
enables us to choose the optimal approximation of the ro-vibrational Hamiltonian based on the

desired level of precision, and the vibration-rotation term to include in the treatment.

3The normal coordinates are expressed as linear combinations of mass-weighted atomic cartesian displace-
ments. The coefficients of this transformation are chosen in such a way that the quadratic expression of the
vibrational energy contains no cross terms of the type Q1 @Q;, with k # [. See Ref. [13].
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A convenient classification of the various Hamiltonian terms is

I:Ivibrot = ]:12,0 + 1:1370 + PALLO 4+ ... vibrational terms

+ ﬁw + ]:Il,g + ﬁzg + ... rotational terms (2.43)
+ ﬁZ,l + [_Afg,l + H471 + ... Coriolis terms

The pure vibrational terms are

. 1 .
Hyo =5 wn(i + 7). (2.44)
k
o — S f (2.45)
30 = & P kim4kqi9m ; .
- 1
Hyp= — L B, p? . 2.46
0 =5y k;ﬂfkl W qidmY +; Do (2.46)

Here H 2,0 1s the harmonic oscillator operator while H 3,0 and Iﬂo represents the anharmonicity
of the molecular vibration.

The rotational terms include

[_A[O’Q = Z B((Xe)jz y (247)
o= B awads, (248)
af k
~ 3 _ o o A
Hyy =2 >N B;YBY'B + BB )araiJads - (2.49)

aBy ki
The term H, 0,2 1s the Hamiltonian for the rigid rotor approximation, while H 1,2 and H. 2,2 are the
centrifugal distortion operators. [—A[g,l, H 3,1 and PA[4,1 represent the Coriolis interaction between
rotation and vibration.

An exact solution of the Schrodinger equation for the operator Hiipror cannot be found,
however for molecules with small vibrational amplitudes, the ro-vibrational energies can be
found through perturbation methods. The most efficient way to perform such treatment is the
Van Vleck contact transformation. This approach is described in details in Ref. [12] and consists
of series of unitary transformations which bring the Hamiltonian (2.43) into an equivalent but
simpler form. The most beneficial results of this method is to decouple the vibrational states

and to generate a new “effective” Hamiltonian operator whose coefficients are specific for (or
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vibrationally averaged in) a given vibrational state.

2.1.5 Centrifugal distortion

The contact transformation procedure described in the previous section removes the diagonal
contribution of the H 1,2 and introduces a new effective FIOA term which depends on the fourth
power of the rotational operators only. Such energetic term represents a correction to the rota-
tional energy due to the elastic distortion of the molecular structure produced by the centrifugal
forces induced by the end-over-end rotation. Higher-order effects are taken into account by
treating several other products of Hamiltonian terms (Equation (2.43)) which are brought onto
]:-70,6 term, 1.e. the energy contribution depending on the sixth power or the rotational operators.

The complete “effective” rotational Hamiltonian thus become

H,ot =H0,2 + 1:10,4 + ﬁo,ﬁ + ..

1 g 1 R
:§ZB&U§ + 7 > Tapsdadsy s
a a,B,7,0

AAAAAA

(2.50)

a,B,7,6,€,m

where 7, 5,6 and 7, 3.5, are the fourth- and sixth-order centrifugal distortion coefficients,
respectively (greek letters represent the x, y, 2 cartesian coordinates, cyclically). In the Equa-
tion (2.50), there are a total of 81 (3%) terms in the first sum and 729 (3°) terms in the second
sum. Algebraic reduction procedures, however, allowed to reduce the numbers of 7 and 7
coefficients to a much smaller figure, namely 5 quartic and 7 sextic quantities [15]. These cor-
respond to the constants which are actually determinable experimentally from the analysis of
the rotational spectrum.

Two different reductions exist: the A-reduced Hamiltonian with the form

rot —

N A ~ Ao A A 1 A A A A
Hip = BLJ2 = AyJ" — Ay JP T2 — AgJ? — 5[((s‘,ﬂ + 0k J2), (J2 + J2))+
[e%

+ @5 (JO) + Byxc (JHT?) + B (JETE) + D (JO) (2.51)

1 . s ey
+ 5[(¢JJ4 + Gy J2IZ + oI, (T2 + T2 +
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while the S-reduced Hamiltonian is
8, = S BST2 — DyJt — Dygc P % — Dyt — dy P2+ 2) 4 doP(JL 4 )
6%

+ Hy(J%) + Hyp (J4J2) + Hic g (J2T2) + Hye (J9) (2.52)

+ Ry JY T2 4 T2) + ho 2 (JE A+ T+ ha(JS + T8) 4.
The A and S reductions are often used interchangeably. The A reduction has the property
of maintaining the tridiagonal structure of the Hamiltonian matrix (i.e. it has only AK =
0, £2 non-zero matrix elements), but it fails for accidentally symmetric molecules (e.g. those
for which B ~ (). The S reduction is more robust and it performs well for practically any
asymmetric molecule, at the price of generating a slightly more complex energy matrix (AK =

0, £2, +4, 46 matrix elements are non-vanishing).

2.1.6 Vibro-rotational interaction

Since a complete separation between rotational and vibrational motions cannot be achieved,
the transformed Hamiltonian keeps on containing term of the type ﬁm,n, where both m and
n are different from zero. One of the most important is the ]:1272 term, which expresses the
vibrational dependence of the rotational constants, as well as other ro-vibrational effects typical
of linear and symmetric molecules. Such “effective” term contains also the contribution from
the perturbation products ﬁ&oHl’g, I:IQJI:]QJ, and ]:IMI:IM. Collecting all the contributions
which depends on J2, a new set of modified rotational constants, specific for each vibrational

states, can be defined

d
B = B _ g ay <vk + 5’“) : (2.53)

where, Béa) denotes the equilibrium rotational constant, Bf,()a) the “effective” rotational constant

for the vibrational state v, and o, the vibration-rotational interaction constant, which depends
on the quadratic and cubic potential constants as well as on the Coriolis terms. In general,
oy, coefficients can be predicted by ab initio quantum chemical calculations [14], whereas the
experimental values can only be derived once the rotational constants of the vibrational ground

state and the corresponding vibrational excited state are known.
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2.1.7 Anharmonic and Coriolis resonance

The contact transformation treatment sketched in the previous sections is essentially a pertur-
bation approach, its validity is thus subject to the conditions that the various vibrational states
are widely separated in energy. In case of near degeneracies (i.e. wy ~ w;), some of the energy
denominators involved in the transformation terms can become singular, thus promoting some
second- (or higher-) order contributions to the much larger, first order magnitude. In such cases,
the resonant terms are removed from the contact transformation, which become incomplete
and leaves the Hamiltonian matrix in a partially factorized form. The ro-vibrational energy are
thus obtained by separate variational treatments of these residual blocks in which the vy and v;
vibrational states are coupled by the relevant H,, ,, off-diagonal Hamiltonian terms.

The simplest case of anharmonic resonance occurs whenever the frequency wy + w; (or
2wy,) is accidentally close to w,, and the cubic force constants [y, or (fxmm) — Which is part
of the H 3,0 Hamiltonian term — is non-zero. This interaction is called “Fermi resonance”
and is purely vibrational; its main effect is to increase the energy separation between the two
interacting levels.

Coriolis resonance is instead caused by the coupling of the total angular momentum J,, and
the vibrational angular momentum p,. The main term of this interaction included in the first

order Hamiltonian is
Hyy = =2 Bado Yy Giilwr/wi)qupr - (2.54)
o k,l

The Coriolis interaction takes place between the (vy, v;) and (v + 1, v, — 1) states if they are
nearly degenerate and if the symmetry product of the two vibrational states species contains the
rotation species, that is,

T, ®Ta®T,, C A, (2.55)

with & = a,b or ¢ and A is the total symmetric representation. The treatment of ﬁg,l yields

off-diagonal elements between interacting levels that are
<'Uk,?)l|]:1271|1)k + l,Ul — 1> = ifﬁvlja 5 (256)

where

o = 2B [(wi/wr) Y + (wi/w) [ (v + Dv /42 (2.57)
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It should be noticed that in the case of strong Coriolis resonance between two vibrational states
(close degeneracy), it is necessary to consider a further correction of k,[-term to the energy,

which can be written as follows:
(ok, i Haplvg + 1,v — 1) = 00, (JaJy + I, J) - (2.58)

Here, 775 7, is the parameter of same order of magnitude as the « vibration-rotation interaction
constant.
From H. 2,1 and H. 2,2, the “effective” Hamiltonian of the Coriolis interaction between normal

modes vy and v; can be expressed as

HY = (G + GLIP+ G+ GE2+ Gl T + ),

R R R R o o (2.59)
+ (Fgy + Fg, 2+ Fg > + FiL J2 + FF T+ ) (Jsdy + o)
in which the first-order Coriolis coupling constants (&, has the form
Ga = B‘”Cﬁl(\/wk/wl -+ \/wl/wk) . (260)

Perturbation formulas for the higher-order corrections (e.g. F3, constants) are given in Ref. [16].

2.1.8 Hyperfine interactions

Hyperfine effects are the result of magnetic and/or electric interactions of the molecular fields
with the nuclear moments. The most important one is the so-called nuclear quadrupole cou-
pling, and arises from the interaction between the molecular electric field gradient at the “quadrupo-
lar” nucleus and the nuclear quadrupole moment, which is present in the nuclei with the nuclear
spin / > 1. For instance, nitrogen-containing molecules usually undergo nuclear quadrupole
coupling due to the 14N nucleus. Therefore, for nuclei with 7 > 1, the Hamiltonian Hg has to

be added to the rotational one and can be expressed as

To = cQd, P32
Ho=star—n@r—ped -7 - H =171, 2.61)

Here, e() is the quadrupole moment of the nucleus, and ¢ is rotationally averaged electric field
gradient, whose form depends on the molecular type. The nuclear quadrupole-coupling constant

eQqy is usually designated by y. The hyperfine states are labeled by the quantum number F,
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which is defined as the vector sum of the rotational momentum J with the nuclear spin I:

F=J+1I. (2.62)

For diatomic and linear molecules it holds

qJ
e 2.63
q7 27 +3 ) ( )
and the quadrupole coupling energy can be expressed as
Eqg=—xY(J,I,F), (2.64)
where Y (J, I, F), the Casimir function, is given by
3C(C+ 1) —I(T+1)J(J+1)
Y(J,I,F)=4 2.65
(S, 1, F) 22J = 1)(2J +3)I(2I —1) (2.63)
withC=F(F+1)—-JJ+1)—-1(I+1)....
The symmetric-top rotor formulation provides a slightly modified definition
= J BK* 1 (2.66)
AR DY SR T ' '
Consequently, the quadrupole coupling energy for symmetric-top rotor is
Eq = 3K Y(J,I,F) (2.67)
Q = Xzz J(J T 1) s 4y ) .

where 2z is the symmetry axis.

The asymmetric-top rotor case is more complicated since the ¢; cannot be expressed in
closed form. Following the same approach described for the rotational energies (section 2.1.3),
the symmetric rotor eigenbasis can be used to represent the rotation-hyperfine Hamiltonians
which contains explicitly the q.,, qm, and g.. components of the electric field gradient tensor
multiplied by the relevant directions cosines (see section 2.1.2). This produces new diagonal
hyperfine terms (AJ = 0) plus smaller off-diagonal AJ = +1, -2 connections (the so called
“2nd-order contributions”). The hyperfine energies are then obtained by matrix diagonalization

as illustrated in section 2.1.3. Regardless of the form of the quadrupole coupling energy, this
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interaction leads to a splitting of the rotational energy levels. In addition to the quadrupole
interaction discussed in this section, other hyperfine interactions can occur such as spin-rotation

and dipolar spin-spin interactions [10].

2.1.9 Selection rules for rotational and vibrational transitions

In the framework of quantum mechanics, a radiation-induced transition from an initial state |i)
to a final state | f) occurs if at least one of the following matrix elements of the components of

electric dipole moment operator along the space fixed axes does not vanish:

(lux|f)y, CGluylf), (uzlf) - (2.68)

When dealing with free, isolated rotating and vibrating molecules, it is customary to express the
space-fixed component by means of the corresponding molecule-fixed components fi,, fiy, fi-

through the appropriate direction cosines (see section 2.1.2), e.g.,
pz =3 (0,6, X)zakta, , =,y cyclically. (2.69)

Then, each u, can be expanded in terms of dimensionless normal coordinates g, about its

equilibrium position

8ua 1 anua
= — —_— 2.
e ua(e>+;(aqk)eqk+2;(aqkaql>eqqu+ , (2.70)

In the following calculation, we only retain the first two terms of Equation (2.70). By adopting
the harmonic oscillator and rigid rotor approximation, and using the wavefunctions in the usual

form (v; J, K| = (v| x (J, K

, where v represent the vibrational quantum number, the matrix

elements of Equation (2.68) take the form

Olig
oqr,

«

5 [ua(e)@lv') 0y (

) <U|qklv'>] (J,K|2(0, ¢, x) 20l ', K') - (2.71)

Pure rotational transitions in a given vibrational state |v) are determined by the first term in the
square brackets, for which it is clear the need for a permanent dipole moment. The second term
controls the vibrational transitions. The selection rules can be obtained easily by evaluating the

matrix elements (J, K|®(0, ¢, X) za|J', K') and (v|q|v").
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For vibrational transitions, two conditions are readily seen. First, according to the rule of
vanishing integrals, the direct product of the symmetry species of the two vibrational wavefunc-

tions must contain the species of the normal coordinate gy,

I'yoly Cly,, (2.72)

second, the harmonic oscillator matrix elements are non-vanishing only if 6, = +1. This latter
rule is partially lifted by the anharmonicity, thus weaker transitions with |§,| > 1 (vibrational
overtones) are also possible.

For rotational transitions, one has to determine the conditions for which the matrix element

(J,K|®(0,0,X)za|J, K') | (2.73)

does not vanish. This is straightforward for linear and symmetric molecules (x, # 0), for which

it holds
AJ==+1, AK=0. (2.74)

For asymmetric molecules the calculation is more complicated as one needs to consider the sym-
metry properties of the various components of the permanent dipole moment together with those
of the Jk, k. rotational levels (see section 2.1.3). A detailed treatment is reported in Ref. [10],
here we only summarize the results. The relevant invariance group is the Dy, also called V'
group. The three components of the dipole moment, (i, (s, jic, transform as By, By, B., while
the rotational state transform according to the parity of the K, K. pseudo-quantum numbers
(e.g. eeis A, eois B,, etc.). The resulting selection rules are:

e #0 A+— B, By+—B. AK,=0,4+2, ...
ee<—eo 00— o0e AK.==+1,43, ...

,ub7é0 A(—)Bb Ba<—>BC AKa::l:l,:i:3,...
ee <00 eo+—oe AK.=+1,43, ...

e #0 A+—B. B,+— B, AK,=41,43, ...
ee <—00 eo+—oe AK.=0,£2,...

When the molecule shows a resolvable hyperfine interaction (see section 2.1.8), selection

rules in F' should also be considered. Their calculation involves the use of spherical tensor
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algebra and is presented in details in Ref. [10]. After a rather lengthy derivation, one finds that
AF =0,+£1, (2.75)

with the transitions having AF = AJ being the most intense. The overall result is that a
rotational transition is split in several components. This is the so-called hyperfine structure of
the rotational spectrum.

For asymmetric rotors, the notation "* M, is used to identify the type of rotational and ro-
vibrational transitions, where M = P, (), R denotes the transitions with AJ = —1,0, +1,
respectively; m = p, ¢, r indicates the transitions with AK, = —1,0,+1, respectively; = de-
notes the K, value of the initial state. In this notation, only K, values are given because all
molecular systems studied in this thesis are near-prolate asymmetric rotors, for which the K,
value is much more important than K.. For linear and symmetric molecules, a simpler M,

notation is sufficient to indicate the types of transitions.

2.2 Measured Active Rotational-vibrational Energy Levels

(MARVEL)

The theory presented in the previous sections relies on physical models that describe the rotation-
vibration problem and are able to reproduce the experimental findings in most instances. How-
ever, in some cases these models are not satisfactory — or the parameterization is inaccu-
rate/incomplete — so that it is not possible to use an effective Hamiltonian for reproducing
the observed spectra within the experimental accuracy. For example, due to the slow converge
of the standard Watson Hamiltonian, ro-vibrational transitions with high K, values observed
in the spectrum of water cannot be modeled successfully. In a more general example, if the
energy levels of a given vibrational excited states are strongly perturbed through anharmonic
resonances with nearby unknown states, the lack of available information prevents an accurate
modeling of the effect of such interactions.

These difficulties can be overcome by means of the Measured Active Rotational—Vibrational
Energy Levels (MARVEL) method, which derives energy levels and the corresponding un-
certainties from the inversion of different rotational and ro-vibrational transitions through a

weighted least-squares procedure. In the MARVEL analysis, the influence of potential pertur-
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bations or the weakness of a given physical model can be ignored. However, the main limitation
is given by the fact that the MARVEL algorithm cannot predict transition frequencies involving
unknown energy levels.

In the next subsections, the main details about the MARVEL procedure are presented and

explained.

2.2.1 Methodological details

In this section we present a short summary of the simple weighted least-squares theory behind
MARVEL. The MARVEL input file contains a grand list of N; experimental transitions. In
addition to the quantum labeling of each transition, the required information for MARVEL
includes the transition frequency (o;;) as well as the corresponding uncertainties (d;;). The
relationship between the frequency of an experimental transition and the experimental energy

levels (Eyp() and Ejgy(j)) 18

0ij = Ewp(iy — Elow() - (2.76)

The MARVEL energy levels can be obtained by solving the following matrix equation:

aX =Y (2.77)

where the vector Y is the transition matrix containing the /N, experimental transitions, the vector
X is the energy level matrix with /V; — 1 dimensions, and a is the input matrix that describes the
relation between the transition frequency o;; and the energy levels £,y and Eloy (. In detail,
if the energy level is the lower level of the transition Fj,y(j), the element of the a matrix is -1;
if the energy level is the upper level of the transition F;), the element of a is equal to +1;
otherwise, the element is O.

The weighted least-squares solution of Equation (2.77) can be derived by solving:

AX =B (A =a’ga;B =a'gY), (2.78)

where the g;; element of the weighted matrix g is related to the transition uncertainty J;; by
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Figure 2.2.1 shows the general representation of the MARVEL approach for the inversion of

experimental transition information to derive MARVEL energy levels.

A B
E, i J=3 :
o
O3 ! LR Eﬂ '
unc. 5, o, 0, Assignments (E, E,) > :
. E
j2
Ez A J=2 :
0-.’1
unc. o
E 1 =l . . .
! Spectroscopic database -  System of linear equations

Figure 2.2.1: The left panel (A): A simple case of MARVEL energy level; The right panel
(B): Pictorial representation of the MARVEL approach for the inversion of experimental line
information to derive energy levels.

A simple example is the case of a MARVEL dataset containing two transitions JJ = 2 < 1

and J = 3 < 2, as shown in Figure 2.2.1. The form of the matrix equation 2.78 is

-1 0 Ey
-1 +1 0
+1 —1 ><[1/5§1 1/5§Q]>< X | Ey | =
0 -1 +1
0 +1 Es
(2.80)
-1 0
021
+1 -1 ><[1/5§1 1/6§Q]><
032
0 +1

2.2.2 Uncertainties of energy levels

It is crucial that the inversion procedure provides relevant estimates of the uncertainty asso-
ciated with each energy level. MARVEL algorithm employs both analytical estimation and
bootstrap method for evaluating the uncertainty of energy levels. For a given energy level £,

the uncertainty €; can be expressed as

g = toj. (2.81)

Here o is the standard derivation, which is obtained by

o; =/ (A);} (2.82)

337
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where A™! is the inversion matrix. The confidence interval depends on the value of ¢. For
example, €; represents the 95% confidence interval for the uncertainty of the energy level when
t = 2. Unfortunately, Equation 2.81 tends to be overoptimistic in estimating the uncertainty of
the energy levels, as it may ignore the fact that some transitions can be somewhat wrong or have
unreliably small uncertainty. A slightly more complex expression for evaluating the uncertainty

gj 1s given by:

2
2 -1 Zz giin i
gj = t\/ (A)j; NN Nz]’ (2.83)
where A, is
Ajj =05 — (Eup(i) - Elo(j)) (2.84)

Equation (2.84) makes MARVEL easy to distinguish effectively either a misassignment or
an incorrect line position. In most cases, a misassignment or a faulty line position may be well
demonstrated if A;; is substantially larger than the stated uncertainty J;;.

Generally, analytical methods making use of Equation (2.83) and (2.84) allow to estimate
uncertainty. However, there are no reliable analytical expressions that permit to estimate the
uncertainty of energy levels if the database contains complex data. In this case, the bootstrap
technique, a CPU intensive resampling approach, is a valid method. The bootstrap method
is usually employed for determining standard errors and confidence intervals in statistically
complicated situations. Two common bootstrap procedures, resampling cases and resampling
residuals, are actually used to estimate the uncertainties of the MARVEL energy levels. Re-
sampling cases in the MARVEL algorithm make use of the experimental uncertainties of the
transitions, while the resampling residuals method uses the calculated A;; uncertainties. With
400 resamplings in bootstrap procedures, it was found that the 6; = 5? condition could be satis-
fied after appropriate adjustment of the uncertainty of the transitions, and the uncertainty of the
MARVEL energy level is provided to be 5} or e?. The adjustment process is described in the

next section.

2.2.3 Adjustment of line uncertainties

The input data for MARVEL may have considerably different uncertainties for a variety of ob-

served transitions. Numerous problems can be encountered when combining the experimental

27



transitions from different experiments. For instance, Fourier transform spectra may be affected
by pressure shifts, calibration errors, or effects caused by impurities, and the uncertainties as-
sociated with automated line center determinations through first and second derivatives. More-
over, in the case of overlapping or very weak lines, the determination of line centers may suffer
from large errors. All of these factors can have a huge impact on the energy level uncertainty de-
termination, which mostly relies on the precision of the observed transition frequencies. Conse-
quently, the pre-processing of experimental transitions is a prerequisite for acquiring MARVEL
energy levels with as low as possible uncertainties.

The robust re-weighting approach is employed in the MARVEL algorithm to adjust the

uncertainties of the transitions database. The adjustment formula can be expressed as follows:

(2.85)

where o depends on the fractional number of outlier and the size of their residual. A positive
number of « (typically < 1/3) is suggested for spectroscopic applications. The adjustment by

the robust re-weighting technique is quenched when

9ii
— ~ ~1] 2.
D (286)

which means that £ ~ 7.

With the use of Equation (2.84) to distinguish and clean misassignments in the database
and by application of the robust re-weighting algorithm, the MARVEL results should contain
correct and self-consistent transitions related with best uncertainties. The MARVEL database

will enable us to derive precise MARVEL energy levels with reliable uncertainties.

2.2.4 Spectroscopic networks

Quantum mechanics (QM) provides a simple and straightforward way to construct complex
spectral networks for a molecule system: the quantized energy levels are the nodes and the
allowed transitions between energy levels are links. The QM networks can be characterized
experimentally via high-resolution spectroscopy. To be more descriptive, the QM networks are
also known as spectroscopic networks (SNs) [17-19]. It is possible to identify which rotational
or ro-vibrational energy levels belong to a specific SN based on the quantum mechanical se-

lection rules. Even when a large number of experiments are conducted, however, only a tiny
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fraction of the allowed transitions are observable. The advantage of the SNs is that, using the
lines list observed in the laboratory, the rotational energy levels associated with the transitions
can be obtained. MARVEL can compute the frequencies corresponding to all the allowed tran-
sitions based on the MARVEL energy levels. It is important to note that the experiments can
be carried out by various spectrometers, which will also lead to nodes of the SNs with differ-
ent uncertainties. To obtain robust energy levels from MARVEL, the accuracy of the nodes
needs to be improved by reducing the uncertainty of the MARVEL energy levels. For example,
in general, encompassing centimeter-wave or millimeter-wave measurements would be highly

beneficial in improving the overall accuracy of the SNs.

2.2.5 Practical Derivation of MARVEL energy levels

The derivation of MARVEL energy levels is based on the following steps:

1. The collection of the available experimental transitions into a spectroscopic database,
labeled with vibrational and rotational quantum numbers, transition frequencies, uncer-

tainties, and the reference tag;

2. Construction of the SNs based on the energy levels of the experimental transitions in the

database;

3. Cleaning of the transitions with unacceptable error, which may be caused by misassign-

ment or mislabeling;
4. Setting up the matrix equation of Figure 2.2.1 within a given SNs;

5. Solution of the resulting set of linear equations and the inversion matrix. The energy

levels with corresponding uncertainties are then determined.

A giant spectroscopic database will generally have multiple transitions associated to a single
energy level, which serves as a crossover point for the construction of extensive SNs. Each
energy level of the spectroscopic network and the corresponding uncertainty could be derived
by means of the MARVEL procedure. In this thesis, the MARVEL energy levels of H,CO
and HDS are investigated and derived. Moreover, MARVEL was used to check the correct

assignment of all the analyzed ro-vibrational spectra for other molecules.
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Chapter 3

Experimental Techniques

Depending on both the type of molecule to be investigated and the frequency range of the
rotational/ro-vibrational spectra to be measured, different spectrometers have been used to
record the spectra. Mainly, my PhD activities were carried out using the Frequency-Modulation
Millimeter-/Submillimeter-wave (FM-mmW) spectrometer located at the Department of Chem-
istry “Giacomo Ciamician”, University of Bologna. In addition, some of the high-resolution IR
spectroscopy studies in this thesis made use of the Fourier-Transform Infrared spectrometer
(FT-IR) located at the Department of Industrial Chemistry “Toso Montanary”, University of
Bologna. The experimental setups of the two spectrometers will be described in some detail in

this section.

3.1 Millimeter/Submillimeter-Wave Spectrometer

The FM-mmW spectrometer in Bologna works in the mm/submm-wave region covering the
75 GHz - 1.2 THz frequency range. The primary source of monochromatic polarized radiation
of the spectrometer consists of several Gunn diodes that emit in the frequency range between 75
and 134 GHz with an output power between 30 and 48 mW. Higher frequencies can be obtained
by coupling the Gunn diodes to passive frequency multipliers in cascade. In this process, the
resulting output power is typically reduced by one order of magnitude for each multiplication
step.

The Gunn diode output frequency is stabilized through a Phase-Lock-Loop (PLL) system
which works as follows. The radiation of a radio-frequency synthesizer (HP8672A, 2-18 GHz)

is sent to a harmonic mixer which mixes it with the millimeter-wave radiation coming from
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Figure 3.1.1: The FM-mmW spectrometer in Bologna.

the Gunn diode, previously tuned at the approximate desired frequency. The beat signal ob-
tained from the difference between the two radiation frequencies is sent to the PLL, where it
is compared to a 75 MHz reference signal (also known as Intermediate Frequency, IF). In our
spectrometer, the IF signal is derived by mixing the radiation of two radio-frequency synthe-
sizers, namely the HP8642A (0.1-1000 MHz) and the Schomandl ND1000 (0.01-1000 MHz)
synthesizers, in order to exploit the sine-wave modulation of the former (vide infra) and the fast
frequency switching of the latter. In the synchronization cycle, the beat signal is phase-locked
to the reference signal of 75 MHz by adjusting the voltage of the power supply of the Gunn
oscillator, thus stabilizing the output frequency of the millimeter-wave source.

The signal-to-noise ratio (S/N) of the recorded spectra is greatly improved by exploiting
the frequency-modulation technique. The frequency modulation of the radiation is achieved by
modulating the signal of the HP8642A synthesizer with a sine wave at a frequency f between
0.5 and 48 kHz, depending on the desired spectral resolution. The same modulation signal is
transferred to the Gunn diode radiation in the PLL. All frequency synthesizers are referenced
to a 5 MHz rubidium atomic clock with a precision of a few part over 10*!, thus ensuring the
accuracy of the frequency emitted by the Gunn diode as well.

The spectrometer can be equipped with two different absorption cells, depending on the
molecular system to be investigated. One of them is a Pyrex tube, with a length of 3.25 m and a
diameter of 5 cm. The cell contains two cylindrical hollow electrodes for a DC plasma discharge

(up to 5 kV and 120 mA) and it surrounded by a plastic pipe for liquid nitrogen circulation.
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A solenoid is also used to produce a magnetic field inside the cell that is longitudinal to the
absorption path. The discharge system and magnetic field are primarily employed for producing
radicals and ions. Moreover, the cell is connected to a flash vacuum pyrolysis apparatus. The
second cell is a 5 cm in diameter, 1.5 m long, quartz tube. The quartz cell is encased in a 90 cm
long tubular furnace capable of reaching temperatures as high as 1200 °C. This setup permits the
investigation of semi-stable compounds that can be produced during thermal vacuum pyrolysis.

Both cells are connected to a pumping system composed by a diffusion pump and a rotary
pump which ensure high vacuum conditions inside the cell. A pressure gauge (0.1 pbar res-
olution) MKS Baratron is used to monitor the pressure inside the cells, while several thermo-
couples allow the measurement of their temperature.

The detection system is consist of a series of zero-bias Schottky-barrier detectors, a pre-
amplifier, a lock-in amplifier, and an analog-to-digital converter board. The lock-in amplifier
filters out part of the noise by acting as a resistor-capacitor circuit and demodulates the in-
coming radiation at twice the modulation frequency (2f detection scheme), thus acquiring the

absorption signal in second derivative. The digitized signal is finally sent to a computer.

3.1.1 Lamb-dip technique

A double-pass configuration in the FM-mmW spectrometer is used to perform Lamb-dip mea-
surements. In this setup, a roof-top mirror is located at the end of the cell to reflect the radiation
back and rotate its polarization by 90 °. A wire-grid polarizer is placed at the other end between
the incoming radiation and the cell. The overall result is that the radiation enters the cell passing

through the polarizer, whereas the radiation back from the roof-top mirror with its polarization

Absorption cell

N

Radiation ‘ @f' @:’ é) (‘P ®

SEEE W

Detector Roof-top mirror

Figure 3.1.2: Graphical representation of double-pass arrangement in the FM-mmW spectrom-
eter. It is also made evident that molecules have different velocity along the direction of the
radiation.
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rotated by 90° is reflected at right angle onto the detector. A schematic representation of the
double-pass configuration is shown in Figure 3.1.2.

The resolution of a rotational spectrometer is mainly limited by two effects: collisions and
Doppler effect. Both of them determine a broadening of rotational lines. The pressure broad-
ening, due to collisions, can be reduced by working at a sufficiently low pressure. Instead,
overcoming the Doppler requires specific techniques. The one employed in this work is the
Lamb-dip technique. Figure 3.1.3 shows the overall result of this technique: the Doppler-

broadened line has a narrow dip at its center.

broadening

Figure 3.1.3: The black trace is the Doppler line profile. The gray one shows, in a discrete
manner, what physically happens at any frequency different from v, as well as the sum of two
dips at vy. The red trace is the resulting profile and shows the lowering of the line profile and
the surviving dip at 1.

The frequency at which a given molecule absorbs a radiation depends on the velocity of the
molecule with respect to the direction of the radiation. The molecule a absorbs the radiation 14

at the frequency v, that depends on its velocity component v, along the radiation direction:
vo=vo (1£2), (3.1
c

where c is the speed of light. This is so-called Doppler effect. To exploit sub-Doppler resolution,
we employed the Lamb-dip technique, which requires three conditions to be fulfilled:
1. measurements should be carried out at very low pressure in order to have the line only

broadened by the Doppler effect;
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2. measurements should be performed using high power in order to have partial saturation;

3. the radiation should go back and forward inside the cell (double-pass arrangement).

In such conditions, absorptions at frequencies different from v (i.e. due to v, different from
zero) determine a lowering of the line profile (because of saturation) as shown in Figure 3.1.3.
For v, = 0, this effect sums up and the overall result is a narrow dip at the 1 frequency. This

allows to accurately retrieve the transition frequency or to make a hyperfine structure evident.

3.2 Fourier-Transform Infrared Spectrometer

A Bomem DA3.002 FT-IR was employed to acquire ro-vibrational spectra with high resolution
in the IR region. A schematic representation of the interferometer optics is shown in Fig-
ure 3.2.1.

Three radiation sources can be chosen depending on the working frequency range. For
measurements in the FIR region, an Hg lamp is employed. A globar source (silicon carbide
bar) is used in the MIR part of the spectrum, while a quartz halogen lamp is employed for near-
infrared (NIR) frequencies. The radiation is first focused into an iris (0.5-10 mm) through an
ellipsoid mirror and a filter wheel, and then sent to a series of mirrors before passing through a
beam splitter composed of CaF,, KBr, or Mylar sheets, which are optimal in the NIR, MIR, and
FIR regions, respectively. The radiation is divided in two by the beam splitter. The length of
the beam can be adjusted using two mirrors, one of which is fixed while the other is movable;
then, the radiation is reflected back toward the beam splitter and recombined.

The spectrometer consists of a Michelson interferometer, which serves as the core of FT-IR.
The signal is captured at various positions of the movable mirror to generate the interferogram.
The interference pattern that arises is then directed towards the absorption cell. Generally, a
White-type multipass cell with path lengths up to 10 m was utilized to contain the sample in
its gaseous form. The radiation exiting from the absorption cell is finally focused onto the
detector. The radiation is collected using a variety of thermal (bolometers) and photodetector
technologies. The case-by-case detector selection is based on the operating frequency yield-
ing the highest sensitivity. Figure 3.2.2 provides a schematic summary of the various setup

detectors.
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Figure 3.2.1: Scheme of the Bomem DA3.002 FT-IR spectrometer at the Dipartimento di Chim-
ica Industriale “Toso Montanari” as taken from the user manual.
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Figure 3.2.2: Possible detectors of the FT-IR spectrometer as illustrated within the user manual.
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Chapter 4

Case Studies

In this section, the six main projects addressed during the Ph.D. work are presented and dis-
cussed. These concerned the following molecules: formaldehyde (H,CO) and deuterated hy-
drogen sulfide (HDS), which have been investigated using the MARVEL approach; deuterated
cyanoacetylene (DC;N) and aminoacetonitrile, whose (ro)-vibrational spectra have been stud-
ied; allylimine and 2-aza-1,3-butadiene, whose pure rotational spectra have been recorded and

analyzed.

4.1 Formaldehyde

4.1.1 Introduction

Formaldehyde is a small molecule of great astrochemical relevance. In fact, it has been dis-
covered in a variety of interstellar sources, such as cold molecular clouds [20], star-forming
regions [21] and comets [22]. H,CO maser emission was not only observed towards galaxies,
but also in extragalactic sources [23,24]. The spectral features of H,CO allowed it to be used
as a probe for investigating the kinetic temperature in molecular clouds [24]. H,CO is also a
crucial molecule for the study of planets and protoplanetary disks. Apart from the detection of
formaldehyde in the Martian atmosphere [25], its IR absorption features have been observed in
protoplanetary disks [26-30].

The importance of line-by-line information on formaldehyde has led to a large number of
laboratory studies of its high-resolution rotational and ro-vibrational spectra by means of dif-
ferent spectroscopic techniques [31-51]. From a spectroscopic point of view, H,CO is a near-

prolate asymmetric rotor, with the asymmetry parameter « being -0.9610. Consequently, H,CO
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transitions are very well suited to test the convergence of Watson-type Hamiltonians and to
compare the performance of the A—reduction and S—reductions. In view of the large set of
high-resolution experimental data available for H,CO, this molecule is also a suitable candi-
date for determining empirical ro-vibrational energy levels using the MARVEL analysis, whose
methodological details are described in Chapter 2 (section 2.2).

In this work, the MARVEL approach has been used to accurately derive the rotational and
ro-vibrational energy levels from the experimental data available in the literature. To refine the
MARVEL treatment, the FM-mmW spectrometer and the Lamb-dip technique have been em-
ployed for recording highly accurate rotational transitions of H,CO in the ground state and sev-
eral vibrational excited states. The new measurements have been incorporated into the MAR-
VEL database together with the published data. In total, the MARVEL analysis considered
19831 transitions, with only 16403 that could be verified and actually used. This yielded 5029
ro-vibrational energy levels of H,CO with well-defined uncertainties. The ro-vibrational energy

levels have then been employed to improve the ExoMol line list for H,CO.

Nuclear spin statistics

H,CO has two equivalent hydrogens (nuclear spin of / = 1/2), and thus it exists in two nu-
clear spin isomers: ortho and para. To build the symmetry combinations of the rotational and
nuclear wavefunctions, one has to consider the effect of exchanging two hydrogens on the total

wavefunction (W), which can be expressed as

\I}total = \Ijv\lj’r\ljns\l/el' (41)

where WV, V., U,., and V. denote the vibrational, rotational, nuclear spin, and electronic
wavefunction, respectively. The overall wavefunction of H,CO should be antisymmetric with
respect to the exchange of the two hydrogen atoms because they are femions. In the present
case, since we consider the electronic ground state, the electronic wavefunction is symmetric.
The product of the other three wavefunctions must thus be antisymmetric. In vibrational ground
excited state, the vibrational wavefunction ¥, is symmetric, thus the product of rotational and
nuclear spin wavefunction must be antisymmetric: symmetric rotational wavefunctions com-
bine with antisymmetric V,,;, antisymmetric rotational wavefunctions combine with symmetric

V,,s. Consequently, the ortho-H,CO rotational energy levels have K, odd, whereas the para-
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H,CO ones have K, even. In the contrast, if the vibrational wavefunction W, is antisymmetric,

the ortho-H,CO rotational energy levels have K, even, while para-H,CO ones have K, odd.

Vibrational modes

H,CO belongs to the C5, point group symmetry and has six (3N — 6, with N=number of atoms)
vibrational modes. Figure 4.1.1 shows a pictorial representation of the normal modes of H,CO.
The 1, (symmetric CH stretch), v, (C=O stretch), and 3 (HCH angle deformation) funda-
mentals of formaldehyde transform according to the fully symmetric irreducible representation
(irrep A;) of the C', point group, while the v, fundamental (out-of-plane bending) has B; sym-
metry and v5 (asymmetric CH stretch) and 4 (OCH angle deformation) transform according to

the B, irreducible representation.

A% \'%) V3
a-type a-type a-type
C C C
SN NSNS N
H H H H H H
¥ N \ /
symm. CHj stretch (ay) CO stretch (a;) CH, bend gal)
2782 cm’! 1746 cm™! 1500 cm”

V4 h Vs Ve
c-type b-type b-type
C —

C C—
PaaN \H/ \H
H H H H
- - / /
out-of-plane bend (b;) asymm. CHj stretch (b,) CH, rock (b,)
1167 cm’! 2843 cm’! 1249 cm™!

Figure 4.1.1: Vibrational modes of H,CO, together with their symmetry species and the funda-
mental frequencies indicated. The arrows representing atomic motions during the normal-mode
vibrations are not proportional to the actual displacements.

The vibration-rotation motion of H,CO can be represented by a set of quantum numbers:
six vibrational normal modes leading to the notation (vy, o, V3, vy, Vs, V) and the (J, K,, K..)

notation for the rotational energy levels. Consequently, the ro—vibrational energy levels of
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H,CO are denoted by a set of nine quantum numbers: (v, vy, V3, Vg, Vs, Vg, J, K4, K.). Quantum

numbers and selection rules have been introduced in Chapter 2.

4.1.2 The rovibrational database

All published spectral data retrieved from the literature are collected in Tables 4.1.1 and 4.1.2,

for a total of 19831 transitions (obtained from 43 different literature sources), 16596 of which

are non-redundant. Table 4.1.1 incorporates information employed in the MARVEL analysis,

while Table 4.1.2 reports the data that have been discarded. Several old sources [52—-54] were

excluded from this study because their measurements have been superseded by more accurate

investigations.

Table 4.1.1: Data source segments and their characteristics for the H,CO molecule®

Segment tag Range A/N/V ESU MSU LSU Recalib. Factor
72TuToTh [55] 0.48328-0.483 28 1/11 2.67e-09 2.67e-09 2.67e-09
71TuToTh [56] 0.14130-0.16574 3/3/3 3.67e-09 3.67e-09 5.34e-09
81ChMi [57] 0.002 373-0.064 793 14/9/9 6.67e-09 1.00e-08 3.34e-08
73ChGu [58] 0.000003-0.966 50 23/21/21 1.00e-08 1.00e-08 3.66e-07
73ChGu_S2 [58] 2.4153-2.4153 1/11 3.34e-05 3.34e-05 3.34e-05
68Takami [59] 0.000022-0.001 829 12/10/10 1.67e-08 3.15¢-08 6.44e-07
77ChGu [60] 0.000 005-0.002 305 39/39/35 3.34e-08 3.34e-08 1.33e-07
96BoDePoLi [61] 0.000003-0.708 93 68/35/35 3.34e-08 1.67e-07 1.67e-07
96BoDePoLi_S2 [61] 0.000059—-46.275 93/45/44 1.00e-06 1.00e-06 4.37e-06
96BoDePoLi_S3 [61]  0.16527-63.241 91/72/72 3.34e-06 3.34e-06 1.67e-05
96BoDePoLi_S4 [61] 34.009-84.711 21/21/21 1.67e-04 1.67e-04 1.67e-04
21AlTeYuMe 9.3907-10.035 7717 7.00e-08 7.00e-08 1.33e-07
21AlTeYuMe_S2 8.2376-12.988 82/82/82 7.00e-07 7.00e-07 4.74e-06
66TaEvSh [62] 0.000 153-0.000610 21212 1.00e-07 1.00e-07 1.33e-07
77FaKrMu [63] 0.002 373-0.082 838 4/4/4 1.67e-07 1.67e-07 1.67e-07
63Esterowi [64] 0.010044-0.035553 4/4/4 2.50e-07 4.17e-06 1.11e-05
80CoWi [65] 0.000003-15.039 127/95/94 3.34e-07 3.34e-07 3.15e-06
17MuLe [50] 45.744-49.915 45/45/45 3.34e-07 3.34e-07 3.34e-07
88NaReDalo [32] 0.000020-0.561 82 10/10/10 6.67e-07 6.67e-07 1.12e-05
88NaReDaJo_S2 [32] 0.000005-10.029 64/64/63 1.00e-06 1.00e-06 1.72e-05
88NaReDalo_S3 [32] 608.85-630.67 21212 5.00e-05 1.00e-05 1.00e-05
88NaReDaJo_S4 [32] 922.63-1578.4  3149/3128/3128  2.00e-04 1.19e-04 2.01e-02
88NaReDalo_S5 [32] 681.57-1201.9 9/9/9 5.00e-03 1.00e-03 1.00e-03
03ThCaRiMu [31] 0.163 02-0.164 96 3/3/2 8.34e-07 8.34e-07 1.00e-06
03BrMuLeWi [35] 27.793-66.778 136/136/136 1.00e-06 1.00e-06 2.74e-05
09MaPeJaBa [44] 5.0168-30.115 172/172/171 1.00e-06 1.00e-06 1.33e-05
12EICuGuHi [48] 23.353-58.596 87/87/87 1.00e-06 1.00e-06 5.55e-06
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Table 4.1.1 — Continued from previous page

Segment tag Range A/NJV ESU MSU LSU Recalib. Factor
21virt 0.000000-0.000000  446/446/446 1.00e-06 1.00e-06 1.00e-06
21virt_S2 0.000001-0.000009  178/177/177 1.00e-05 1.00e-05 2.21e-04
21virt_S3 0.000010-0.000098  157/151/151 1.00e-04 1.00e-04 2.78¢-03
21virt_S4 0.000 100-0.000999  168/166/166 1.00e-03 1.00e-03 3.89e-03
72Nerf [66] 1.6106-10.035 15/15/15 1.47e-06 1.60e-06 7.86e-06
51LaSt [67] 0.24559-2.4296 18/18/18 1.67e-06 2.40e-06 2.03e-05
56Erlandss [68] 2.4296-7.5285 9/8/8 1.67e-06 1.60e-05 2.79e-05
640kTaMo [69] 0.000 153-2.4371 70/49/44 1.67e-06 1.80e-06 2.66e-05
97CaHaDe [70] 10.539-10.539 /11 2.30e-06 2.30e-06 2.30e-06
72JoLoKi [71] 0.000 153-4.504 1 37/10/10 3.34e-06 8.34e-07 5.00e-06
78DaWiBe [72] 0.35387-12.187 86/82/82 6.67e-06 6.67e-06 2.31e-05
73ChFrJoOk [73] 0.55319-1.9798 1777 1.67e-05 1.67e-05 2.67e-05
85TiChKuHu [74] 4211.6-5224.0 1005/1005/1003  1.00e-04 1.10e-04 1.16e-02
82BrJoMcWo [75] 1693.1-1793.4 2438/248/248 4.00e-04 1.59¢-04 8.99¢-04
79BrHuPi [76] 2700.0-3000.2 3193/3189/3183  5.00e-04 3.27¢-04 4.52¢-02
81SwSa [77] 1707.1-1746.9 76/76/76 5.00e-04 6.50e-04 3.38e-03
88ClIVa [78] 2867.2-2880.4 24/22/22 5.00e-04 3.48e-04 7.23e-03
941tNaTa [79] 2276.2-2553.6 320/320/317 5.00e-04 3.91e-04 5.56e-03
10JaLaTcGa [47] 1675.0-3089.8 782/781/781 5.00e-04 1.62e-04 6.45e-03 1.000001293
07TcPeLa_S2 [41] 0.000 006-10.029 84/84/84 2.10e-04 1.00e-04 2.25e-03
07TcPeLa [41] 927.68-1821.6  4024/1101/1101  8.00e-04 1.04e-04 5.00e-03
06PeBrUtHa [40] 2756.6-2864.6 147/143/143 1.00e-03 1.00e-03 3.82e-02
09CiMaCi [46] 4350.9-4360.6 49/46/36 1.00e-03 1.00e-03 7.97e-03
07SaBaHaRi [43] 5597.8-5698.3 424/422/418 1.50e-03 1.00e-03 9.08e-03
17TaAdNg [51] 3398.7-3529.7 786/786/785 1.60e-03 1.11e-03 3.66e-02
73Toth [30] 3428.2-3507.4 299/299/298 3.00e-03 2.83e-03 4.23e-02
77AlJoMc [81] 945.23-1540.0 991/922/904 5.00e-03 3.94e-03 4.57e-02
77AlJoMcb [82] 1483.0-1518.1 70/70/70 5.00e-03 4.14e-03 3.57e-02
76NaYaKu [83] 2643.9-3011.8 1848/1845/1711  3.00e-02 1.68e-02 9.89e-02

@ Tags denote segments used in this study. The column ‘Range’ indicates the range (in cm~!) corresponding to
validated wavenumbers within the transition list. A is the number of assigned transitions, N is the number of
non-redundant lines (with distinct wavenumbers or labels), and V' is the number of validated transitions obtained
at the end of the XMARVEL analysis. In the heading of this table, ESU, MSU, and LSU denote the estimated, the
median, and the largest segment uncertainties, respectively, in cm~!. Rows are arranged in the order of the ESUs
with the restriction that the segments of the same data source should be listed consecutively.

Some comments on the data of Table 4.1.1 are warranted:

* We employed the XMARVEL facility to calibrate the wavenumbers of the transitions re-

ported in Ref. [47] because the authors claim that their line positions were not calibrated.

» 78DaWiBe [72] reassigned the high-resolution measurements of pure rotational transi-

tions in vibrationally excited states from 640kTaMo [69]. We have implemented the

assignments of 78DaWiBe and confirmed their validity.

41



» 76NaYaKu [83] contains several lines which are not available in any other publications.
A total of 134 lines from this work could not be validated because of their relatively

low-resolution and thus they were removed from our analysis.

» 88NaReDalo [32] provides only the line frequencies resulting from their analysis and the
corresponding residuals. Therefore, the observed frequencies had to be derived from these
data. Similarly, the line transitions in 79BrHuPi [76] were reconstructed by extensive

comparison with the HTI TRAN database [84].

* 02BaCoHaPe [34] measured the 5, overtone band of H,CO, which was analyzed by
07SaBaHaRi [43].

» 72JoLoKi [71] presented a large collection of early microwave experiments on H,CO.
Additionally, this source includes several hyperfine-resolved transitions. Hyperfine struc-
ture data could be obtained from 59TaShSh [85], 70TuThTo [86], 71TuToTh [56], 72Tu-
ToTh [55], and 17MuLe [50]. We entirely neglected hyperfine effects in our study and

instead employed central, hyperfine-unresolved line positions where appropriate.

Table 4.1.2: High-resolution spectroscopic studies on H,CO which were considered but not
employed in the present MARVEL analysis.

1

Tag Range /cm™ Reason for exclusion

17FjHeBale [87] 6230 - 6240 700 K emission spectrum, line parameters not provided
15RuHeHeFi [49] 6547 — 7051 No line assignments

09PeJaTcLa [45] 1600 — 3200 Calculated line positions only
07ZhGaDeHu [42] 6351 - 6362 No line assignments

06F1LaSaSh [38] 3096 — 5263 Data not made available by the authors

06PeVaDa [39] 2600 - 3100 No line parameters provided, data not made available by the authors

05StGaVeRu [37] 6547 — 6804 No line assignments
03PeKeFlI [36] 1000 — 2000 Data not made available by the authors
02BaCoHaPe [34] 5600 — 5700 Data analyzed by 07SaBaHaRi [43]
96BoHaGrSt [33] - Dispersed fluorescence, vibrational state data only
96LuCoFrCr [88] 7800 — 15200 No line parameters provided
89ReNaDalo [89] 890 — 1590 No line parameters provided
87NaDaRe [90] 1148 — 1193 Lines included in 88NaReDalJo [32]
78Pine [91] 2700 - 3000 No line parameters provided
75Nerf [92] 1-10 Lines included in 72Nerf [66]
73JoMc [93] 1707 - 1767 No line parameters provided
70TuThTo [86] 0.15-0.15 Lines included in 71TuToTh [56]
600kHiSh [94] 0.98 Lines included in 640OkTaMo [69]

4.1.3 New rotational measurements

To refine the MARVEL treatment, we recorded 89 pure rotational transitions of H,CO in the

ground state and several vibrationally excited states. While the instrumental setup of the spec-
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trometer and all related information are detailed in Chapter 3, here we mention that H,CO in

the gas phase was obtained from the vapors of poly-formaldehyde at room temperature.

Table 4.1.3: Rotational transitions of HyCO measured in this study at Doppler-limited resolution
(accuracy: 20kHz, 6.67 x 107" cm™1).%

Opew/cm ™1

Line assignment

Onew/cm ™t

Line assignment

Onew/cm ™t

Line assignment

9.396 103294
9.720532 400
9.745 845 447
9.753700377
9.753 859 167
9.773 007973
10.088 575 460
11.739 822940
12.129 667 850
12.178 445 400
12.192 149 190
12.192 149 190
12.194013 170
12.194 571510
12.232 626 840
12.604 848 190
9.384944 381
9.649643518
9.670558 195
9.677770970
9.677893765
9.693290175
9.949961 352
11.726 529220
12.045 134760
12.084 311370
12.093 976 360
12.093 936 030

V3,414 < 313
V3,404 < 30,3
V3,493 < 32,2
V3,430 < 33,1
V3,431 < 330
V3,490 < 32,1
V3,413 < 31,2
V3,515 <414
V3,905 < 40,4
V3,594 <423
V3,540 441
V3,541 < 440
V3,533 ¢ 432
V3,530 431
V3,923 <422
V3,914 <+ 413
Vg, 414 <313
V4,404 < 30,3
V4,403 < 322
V4,432 < 331
V4,431 < 33,0
Vg,492 < 321
V4,413 < 312
V4,915 < 414
V4,505 < 40,4
V4,924 < 423
V4,04, < 44,1
V4,94,1 < 440

12.098 165 470
12.098 598 600
12.129 667 850
12.432459250
9.366 709 450
9.682101 847
9.697356 479
9.696 151729
9.696 255 862
9.718 870594
10.029 447 240
11.704713 210
12.086 508 690
12.120488 600
12.109 817 660
12.109 817 660
12.121054 530
12.121 422250
12.163 422430
12.532770930
8.237600 872
8.600996014
8.615 829497
8.798 468 478
8.815102 825
9.160256 575
9.390727 004
9.461 197252

V4, D33 < 432
V4,532 < 431
V4, D23 < 422
Vg, D14 413
Ve, 41,4 < 31,3
Ve, 40,4 < 30,3
Vg, 42,3 < 32,2
Vg, 43,20 < 331
Vg, 43,1 < 330
Vg, 42,0 < 321
Ve, 41,3 < 31,2
Ve, D1,5 < 414
V6, 50,5 < 40,4
Vg, 92,4 <423
Vg, 94,2 < 441
Vg, D41 < 440
Vg, 93,3 < 432
Vg, 93,2 < 43,1
Vg, 92,3 < 422
Ve,D1,4 < 413

Vo, 212,19 < 220,22
Vg, 393,32 < 361,35
IZB 102,8 — ].10’11
Vg, 364,32 < 364,33
v, 101$9 — 101’10
Vo, 182,16 < 182,17
v, 41,4 < 31,3
Vo, 273,04 < 273 95

9.694 153398

9.714 646 044

9.719 405 501

9.719535726

9.738339 087

9.834 452 846
10.034 829710
10.248 367 590
10.364 365 470
10.448 342 040
10.555 863 330
10.896 074 830
11.212427070
11.733738 380
12.073 937490
12.099 570770
12.139927 050
12.145176 040
12.145176 040
12.150912 170
12.151369510
12.187211040
12.441 481610
12.538447510
12.795 269 680

Vo, 40,4 < 30,3
Vo, 42,3 < 32,2
Vo, 43,2 < 331
Vo, 43,1 < 33,0
Vo, 42,2 < 321
Vo, 222,20 < 230,23
v, 41,3 < 31,2
Vg, 92,7 < 100,10
Vo, 18315 < 191,18
Vo, 374,33 < 374,34
vo, 111,10 < 11111
vo,192 17 <= 192 18
Vo, 283,25 < 283 26
Vg, 91,5 < 414
V0, 82,6 < 90,9
Vg, 90,5 < 40,4
Vo, D24 < 423
Vo, D42 < 441
Vo, 54,1 < 440
Vo,93,3 ¢ 432

Vo, 53,2 ¢ 43,1
Vo, D23 < 422

Vo, 12111 <121 12

Vg, 51,4 <413

Vo, 202,18 < 202 19

% onew denotes newly measured transition wavenumbers.

The line assignments are given in the form of

Vis Jier 1o <= Jgn gon, Where v; and J, k., represent the vibrational and the rotational assignment of the mea-
sured lines, respectively, v refers to the ground vibrational state, while 3, v4, and 14 designate vibrational fun-
damentals (see Figure 4.1.1).

The new measurements consist of two complete a-type ¢ R-branch transitions (J = 4 < 3

and 5 < 4) within the vy, v3, v4, and 14 bands, where v, denotes the ground vibrational state,

and about 20 ground-state P and () transitions with AK, = 0 or 2, with integrated intensity

ranging from 10723 and 102" cm molecule™

1

. The uncertainty of our measurements is esti-

mated to be 20kHz and 2 kHz for Doppler-limited and Lamb-dip measurements, respectively.

We label the seven Lamb-dip transitions of Table 4.1.4 with the reference tag 21AlTeYuMe, and
the others as 21 AlTeYuMe_S2, see Table 4.1.3.

Table 4.1.4: Rotational transitions of H,CO measured in this study at sub-Doppler resolution
(Lamb-dip technique; accuracy: 2 kHz, 6.67 x 1078 cm™1).2
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Onewl/cm™1  Line assignment ope/em ™!

9390727127 1o, 414 < 313 9.39072753(33) [65]
9.694 153448 1,404 < 305 9.69415331(33) [65]
9714646159 1,403 ¢ 320 9.7146467(67) [72]
9.714 646 0(67) [65]

9.719405248 1,439 « 331 9.719407(10) [65]
9719536 101 1,431 < 330  9.7195328(33) [61]
9.738339080 1,400 < 321 9.7383390(67) [72]
10.034829847 1,413 + 312 10.03483000(33) [65]

¢ In the first and last columns, the new, oy, and the best previous, oy;¢, transition wavenumbers are reported,
respectively. The “Line assignment” column contains the assignments of the lines in the form of vg, J ;(év K1
J¥n wn, Where Ji, k. denotes the rotational assignment and v refers to the ground vibrational band both for the
upﬁér and the lower state.

Magic Numbers

The experimental transitions of H,CO form two distinct ortho and para SNs [95] in the MAR-
VEL database. As is typical [19] in the MARVEL analysis of experimental transitions of species
having ortho and para nuclear-spin isomers, the two components are connected by means of
an artificial transition, informally denoted as “magic number”, possibly taken from effective
Hamiltonian fits [96]. For H,CO, the artificial rotational transition is J = 1, ; < 0O and its

frequency is 10.539039 1 cm~* [70], which is the “magic number” of H,CO.

4.1.4 Results and discussion

Final energies

The MARVEL analysis produced 5029 validated ro-vibrational energy levels for H,CO. The
maximum rotational quantum number is J = 38, whereas the highest empirical energy is 6188
cm~!. Table 4.1.5 displays the vibrational band origins (VBO) and an overview of the number
of empirical ro-vibrational energy levels for each vibrational state. The 2v3 + vg, v5 + v5, and
vy + v3 + 4 bands have been omitted from the table because they contain only six rotational en-
ergy levels in total. Table 4.1.5 summarizes vibrational band origins for 14 vibrational modes,
including the six fundamentals. The v», v3, and v, fundamentals are determined very precisely
because, in these cases, the upper states have been characterized by high-accuracy microwave
studies. At least three transitions are attributed with each energy level belonging to these fun-

damentals. In contrast, the term values of the combination bands are defined by just one or two
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transitions and are far less precise. Figure 4.1.2 is a representation of the H,CO SNs, depict-
ing the upper-state energies of the observed transitions versus their corresponding lower-state
energies. This figure also presents a visual impression of the number of transitions connecting

them.

Table 4.1.5: MARVEL-based vibrational band origins (VBO) of H,CO and their literature coun-
terparts obtained from accurate effective Hamiltonian fits.”

Band Symmetry VBOMARVEL) Ny Ngrr, Jmax VBO(lit)
7 ) 0.0 31 525 38 0.0
vy b 1167.25676(10) 6 346 30 1167.258(2) [81]
1167.25628(2) [36]

Vg bs 1249.09442(10) 3 405 30 1249.091(2) [81]
1249.094 68(2) [36]

V3 a) 1500.17450(10) 4 382 30 1500.176(3) [81]
1500.17474(12) [36]

Vo aj 1746.009 14(10) 4 446 37 1746.008 9(1) [75]
1746.008 86(13) [36]

2uy aj - 0 65 11 2327.5239(5) [39]

2327.1(8) [97]

vy + 16 ag - 0 47 11 2422.970 1(50) [39]
2vg aj - 0 81 25 2494.3543(5) [39]
v+ 1y by - 0 15 10 2667.048 1(20) [39]
2655.5 [76]

v3 + 16 ba 2719.15604(50) 1 232 25 2719.1559(10) [76]
121 ap 2782.45691(50) 2 440 36 2782.4569(10) [76]
Us ba 2843.32354(12) 4 388 35 2843.3256(10) [76]
vy + 1y by - 0 153 24 2905.968 5(20) [39]
2905(1) [76]

2u3 aj - 0 38 25 2998.9873(5) [39]
2999.5(5) [76]

vy + Vg b 3000.06574(50) 1 100 21 3000.0656(10) [76]
2v9 aj 3471.7208(78) 2 373 31 3471.718(4) [80]
v+ by 3941.5308(10) 1 30 10 -
vy + Vs ba 3996.5186(10) 1 35 9 -
v3+ s b 4335.09894(10) 1 170 24 -
2v + g b - 0 207 26 4734.207 8(50) [38]
v aj - 0 176 26 5177.75952(70) [38]
2v5 aj 5651.1964(15) 1 179 20 -

%The VBO values are in cm~'. The uncertainties are given in parentheses. The symmetry of the band, the

number of transitions determining a particular VBO (Vy), as well as the number of rotational levels (Nry,) and the
maximum J value within a given vibrational band are also displayed.

Updated H,CO database

The ExoMol line list [98] for H,CO (denoted as AYTY) contains about 10 billion transitions

connecting 10.3 million rotational-vibrational states. As part of this work, we replaced the
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Figure 4.1.2: The upper-state energies of the experimental transitions used in this work, against
corresponding lower-state energies of H,CO. The vertical bars along the horizontal axis show
the lower state energies, while the horizontal bars along the vertical axis give the upper state
energies. Each circle represents a particular transition, with the size proportional to the number

of transitions supporting the corresponding upper state. This value ranges from 1 (dark blue) to
102 (red).

energy levels in the AYTY list that were established empirically, using the MARVEL procedure.
Compared to that spectral database, our analysis encompasses a broader frequency range. The
HITRAN database [84] offers limited data on H,CO: in addition to pure rotations, only two
bands are covered. Figure 4.1.3 shows the comparison between the HITRAN and our MARVEL
analysis. The good agreement indicates that this latter well covers these regions. Figure 4.1.3

also points out the relative (in)completeness of the HI TRAN when used to simulate the spectra
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Figure 4.1.3: Room-temperature (7' = 296 K) spectra of H,CO in three different regions cov-
ered by HITRAN 2016 [84]. The upper panels, in blue, show stick spectra simulated using the
MARVEL energy term values from this work and the Einstein-A coefficients from the AYTY
line [98]. The lower panels, in red, show the corresponding spectra taken from HITRAN 2016.
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of H,CO at room temperature. A few bands are missing in HI TRAN, but this database can now
be supplemented with our synthetic line list constructed using the line positions determined by

MARVEL and AYTY.

4.1.5 Summary and conclusions

Apart from a few sources where the authors were reluctant to provide their published results for
our analysis [36, 38, 39], all literature lines measured for H,CO were collected and analyzed.
New measurements of rotational transitions within the ground, v, v4, and v states, namely
seven lamb-dip lines and 82 Doppler-limited new frequencies, were added to the MARVEL
database together with the literature sources. The study was carried out with the MARVEL
approach and the xMARVEL algorithm. The present study is the first in a series where a MAR-

VEL analysis is performed with the intention of updating an available line list.
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4.2 Deuterated Hydrogen Sulfide

4.2.1 Introduction

Despite their apparent simple structure, small hydrides such as water (H,0O), methylene radical
(CH,), and amidogen radical (NH,), can be difficult to accurately characterize. In fact, these
light species are somewhat very floppy, thus showing large centrifugal and anharmonic effects
[99, 100]. Therefore, a complete modeling of their ro-vibrational energy levels is a challenging
task and it is difficult to achieve an accuracy that reflects that of experimental measurements.
This is mainly due to the slow converge of the Watson Hamiltonian [101,102], which is the gold-
standard model Hamiltonian used in ro-vibrational spectroscopy. Furthermore, the rotational
spectra of these species are often complicated by the hyperfine structure [103—105]. Finally,
the spectra of these hydrides are sparse, thus limiting the number of observable spectroscopic
features.

However, these light species have a relevant role in astrochemistry. They are usually used to
investigate the chemical differentiation and complexity across our Galaxy and beyond. More-
over, they are useful proxies of the evolutionary stage of astronomical objects [106—110]. Sev-
eral simple hydrides species, including H,O, NH,, CH,, H,S, and some of their isotopologues,
have already been detected in the ISM [111-123]. Among these small interstellar species,
hydrogen sulfide (H,S) is one of the most abundant S-bearing species in the ISM, and it is
a promising proxy for exploring sulfur chemistry under astrophysical conditions [124-126],
which is particularly interesting because of the “sulphur depletion problem” [127]. This might
be related to the fact that S-containing species are locked in icy grain bulks, as suggested by
the identification of H,S in cometary ices [128]. The astrophysical importance of H,S is clear.
Furthermore, the observation of deuterium enrichment (or deuterium fractionation) for a given
molecular species can shed light on its formation mechanism in the ISM. In view of what
pointed out above, HDS can provide new insights into the issues of “sulphur depletion” and the
deuterium fractionation.

Since the precise knowledge of the rotational-vibrational energy levels is crucial in astro-
chemical studies, in this work, we collected all the rotational and high-resolution ro-vibrational
data available for HDS and analyzed them by means of the MARVEL algorithm. Our dataset
is composed by previously published rotational and ro-vibrational transitions plus some un-

published high-resolution mm/submm-wave measurements performed in our laboratory in the
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past years. The MARVEL results are expected to provide the most comprehensive database of

ro-vibrational energy levels for HDS.

4.2.2 MARVEL Analysis

The description of the methodological details of MARVEL algorithm is presented in Chapter 2.

Quantum numbers labeling

HDS is an asymmetric-top molecule belonging to the Cs point group. Its ro-vibrational energy
levels are unequivocally labeled using six quantum numbers, as shown in Table 4.2.6. Three of
them are the vibrational quantum numbers: v, is the S—D stretching, v5 is the bending mode,
and v3 is the S—H stretching. The other three quantum numbers, J, /,, and K, are the standard

quantum numbers for the description the rotational energy levels of asymmetric rotors.

Table 4.2.6: The quantum numbers for labelling the upper and lower states of HDS.

Label Description
1 S—D stretching ( 1902.85cm™1)
Vs Bend (1032.71 cm™!)
V3 S—H stretching (2621.45cm™1)
J Rotational angular momentum

K, and K. Projections of the rotational angular momentum

Experimental sources

All spectroscopic data available in the literature for HDS have been collected, many of them
dating before 2010. These were collected in the W@DIS (wadis.saga.iao.ru) database. They
have been converted in the MARVEL format and combined with the unpublished measurements
from our laboratory (223 new rotational transitions). There are 10 additional data sources avail-
able in literature. All these data are summarized in Table 4.2.7. Figure 4.2.1A shows the estab-
lished SNs of HDS for the MARVEL analysis. The massive spectral network deriving from one
of the (000000) nodes is presented in Figure 4.2.1B. Table 4.2.8 collects a summary of all the
data sources with their energy range. In this table, A/V provides the number of assigned and

validated transitions, respectively. Finally, Table 4.2.9 lists some of the data sources which had
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Figure 4.2.1: The SNs of HDS.

been considered but not used in MARVEL analysis, the reasons of their exclusion being also
commented.

Comments on the experimental sources (Table 4.2.8) are warranted:

* 51HiSt [129]: 12 pure rotational ()-type transitions recorded in the vibrational ground

Lto

state with J values ranging from 1 to 12, in the frequency region from 0.265 cm™
2.520cm™!. This was the first experimental observation of rotational absorptions of HDS

in the microwave region.

e 70Burrus [130]: 6 pure rotational transitions recorded in the vibrational ground state with
the J values of 1-3, in the 5.110-11.117 cm™! range. These transitions were measured

by Helminger et al. [131] as well.

* 71HeCoLu [130]: 27 rotational transitions measured in the vibrational ground state in the

3.679 -20.948 cm™! range.

Table 4.2.7: The required format of MARVEL input file for HDS.

Wavenumber/cm~! Uncertainty/cm~! Upper state Lower state Reference Tag
0.264741150% 3.34E-06" 000642 000643 S51HiSt.1
0.264741150% 3.34E-06" 0001165 0001166 51HiSt.2
0.362286299¢ 0.001 000431 000432 51HiSt.3

2585.041570 0.001 001321° 000422 95UlToMeKo.1
2585.993090 0.001 001321° 000413 95UlToMeKo.2
2587.901110 0.001 001322 000423 95UlToMeKo.3

1

@ Frequencies and/or uncertainties converted from MHz to cm™. ® Energy levels of v = 1 vibrational

excited state.
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» 73Steenbec: 5 pure rotational transitions recorded in the vibrational ground state in the

0.280 - 1.426 cm™! range. These transitions have been retrieved from Lovas et al. [132].

» 85CaFILeJo [133]: 535 pure rotational transitions measured in the FIR region (25.184 -

267.612cm™'), with a resolution of 0.004 cm™".

* 95UlToMeKo [134]: 69 ro-vibrational transitions recorded in the v5 and v, + 15 vibra-

tional bands, in the 2585.042 - 2980.261 cm™! range.

Table 4.2.8: HDS data source segments and their characteristics

TAG Ref. Range A/V¢  MiU® MaU® AvU4
S51HiSt [129] 0.265 - 2.520 12/12  3.3E-7 3.3E-7 3.3E-7
70Burrus [130] 5.110 - 11.117 6/6 3.3E-7 3.3E-7 3.3E-7
71HeCoDe [130] 3.679 - 20.948 27/27  3.3E-7 3.3E-7 3.3E-7
73Stee [132] 0.280 - 1.426 5/5 2.0E-6 3.0E-6 2.6E-6

23MelJiGaPu This work 8.157 - 53.038 223/223 3.0E-8 1.0E-5 1.4E-6
85CaFlLeJo [133] 25.184 - 267.612 535/535 2.0E-4 9.0E-4 2.3E-4
95UlToMeKo  [134]  2585.042 - 2980.261  69/69  1.0E-3 1.0E-3 1.0E-3
19SyUlIBeGr [135] 690.089 - 1511.468 2282/2282 1.0E-3 1.0E-3 1.0E-3
19UIBeGrRa  [136]  2006.402 - 2939.482 1532/1532 1.0E-3 1.0E-3 1.0E-3
06UILiBeOn [137]  3731.728 - 7219.680 2520/2520 2.0E-3 2.0E-3 2.0E-3
05L1GaChQi [138] 4951.018 - 8662.091 3379/2891 2.0E-3 2.0E-3 2.0E-3

@ Assigned/Validated. * Minimum uncertainty. ¢ Maximum uncertainty. ¢ Average uncertainty.

19SyUlBeGr [135]: 2282 ro-vibrational transitions measured in the v5 vibrational band,
in the 690.089 - 1511.468 cm™* region.

e 19UIBeGrRa [136]: 1532 ro-vibrational transitions recorded in the 13 vibrational band,

in the 2006.402 - 2939.482 cm ™! region.

* 05LiGaChQi [138]: 3379 ro-vibrational transitions belonging to the 2v3, 15 + 213, 3v3,
and v, + 3v3 bands, recorded in the region from 5000 cm ™! to 9000 cm™*. The lines with
uncertainty larger than 0.01 cm~! have been discarded because not used by the authors
in their fit. Wrong assignments have also been removed. Overall, 2891 valid lines have

been employed in the MARVEL analysis.

* 06UILiBeOn [137]: 2520 ro-vibrational transitions belonging to the v; + 2vs, vy + v3,

2U9 4+ 3, 211 + o, V1 + 9 + 13, 311, V1 + 213, and 219 + 215 vibrational modes, measured
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in the region from 3731.728 cm ™! to 7219.680 cm ™.

Table 4.2.9 summarizes the data sources that were considered but omitted from our MAR-

VEL analysis. Explanations are provided in the following.

04Vladimir [139]: Variational calculations. No experimental data on ro-vibrational tran-

sitions are provided for HDS.

* 64Thaddeus [140]: hyperfine structure of 25 < 2, transition resolved; however the
corresponding unsplit frequency is not reported and we ignored the hyperfine splittings

for simplicity.

* 95Ulenikov [141]: 1 band of HDS, including its **S isotopologue. Only the ro-vibrational

term values are provided without the list of experimental transitions.

* 98Ulenikov1 [142]: high resolution IR spectra of the v, 21, and v, + v3 bands. Only the

ro-vibrational term values are provided without the list of experimental transitions.

* 98Ulenikov2 [143] high resolution IR spectra of the 21, and 31, bands. Only the ro-

vibrational term values are provided without the list of experimental transitions.

4.2.3 Results and discussion

10377 ro-vibrational transitions of HDS from 10 different publications were incorporated in the
MARVEL database, with 223 new rotational transitions from our laboratory being included in
the final analysis. In total, 10057 transitions have been connected in the main SN of HDS. The
MARVEL results produced 2541 validated ro-vibrational energy levels. The highest energy
level lies at 9552.886 cm~! and belongs to the v, + 3v3 combination state, while the highest

energy level of the vibrational ground state is the Jx, x, = 1814 4 rotational level at 2458.727

Table 4.2.9: Data source considered but not used in this work.

TAG Ref. Comments
04Vladimir [139] Data source does not list any ro-vibrational transitions
64Thaddeus [140] Only one hyperfine-resolved transition reported, not used for simplicity
95Ulenikov [141] Only term values are provided (v, band of the HDS)
98Ulenikovl [142] Only term values are provided (v and 214 /5 4 v3 bands of HDS)
98Ulenikov2 [143] Only term values are provided (215 and 315 bands of HDS)
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Table 4.2.10: Summary of the energy levels derived from the MARVEL analysis. Results are
collected state-by-state “.

State  Jrange K,range Levels MiU—-MaU AvU Energy Range
(v1v203) (em™1) (cm™1) (cm™1)

000 0-25 0-15 372 0.0000-0.0071 0.0013 0.0000 —2458.7271
001 0-22 0-14 293 0.0010-0.0064 0.0015 2621.4558 —4624.0959
002 0-23 0-11 214 0.0020-0.0054 0.0023 5147.3553 - 6960.4715
003 0-20 0-7 130 0.0020 — 0.0050 0.0022 7577.8435—-9089.2572
010 0-25 0-16 381 0.0010-0.0077 0.0019 1032.7151 —3852.8277
012 0-20 0-12 219 0.0020 - 0.0050 0.0023 6139.7320 —7744.0663

013 0-17 0-6 116  0.0020 - 0.0032 0.0021 8548.8927 —9552.8861
021 0-19 0-8 97 0.0020-0.0048 0.0022 4638.8489 —5893.7850
022 0-16 0-6 71  0.0020-0.0042 0.0021 7123.8864 —8022.9404
101 0-21 O0-11 227 0.0020 - 0.0057 0.0025 4522.6485-6187.8216
102 1-10 0-5 66  0.0020-0.0022 0.0020 7055.1149 —7502.1927
110 3-3 0-3 7 0.0010-0.0010 0.0010 2971.5943 —3027.4063
111 2-7 0-4 15 0.0020-0.0020 0.0020 5548.9136 —5845.9678
120 0-16 0-10 131  0.0020-0.0046 0.0022 3938.6388 —5541.4066
210 0-19 0-10 189  0.0020 -0.0046 0.0022 4767.7069 —6010.9407
300 2-8 0-1 12 0.0020-0.0020 0.0020 5583.5559 —5809.1718

@ See notes of Table 4.2.8.
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Figure 4.2.2: The MARVEL energy levels derived from the HDS spectroscopic network. The
horizontal axis refers to the J values of the energy levels, while the vertical axis reports the
energies of each levels. Each vibrational state is represented by a different symbol, for which a
legend is provided using the format (v;v9v3).

53



cm~!. The average uncertainty is of the order of 2 x 102cm~!. Figure 4.2.2 depicts the

HDS spectroscopic network, thus showing MARVEL energy levels versus their corresponding
rotational quantum number J.

Table 4.2.10 provides an overview of the number of empirical ro-vibrational energy levels
for each vibrational state, for a total of 16 vibrational states. Moreover, 45 transitions of our
global database connect floating levels only. These are not linked to any level of the main spec-
troscopic network and therefore the energy of the corresponding levels could not be calculated.
The energy levels of vy + vy, v1 + v + v3, v1 + 209 4 v3, 3vp are by far less precise than the

others because they have been derived from only few transitions.

4.2.4 Conclusion

On the basis of the available HDS spectral data in the literature — in combination with new,
unpublished highly accurate measurements from our laboratory — we have obtained the most
comprehensive database of energy levels for HDS to date. This is an important result because,
among high-resolution spectral databases such as HITRAN [144], no one provides access to
HDS spectral information. The CDMS database [2,3] and JPL Catalog [4], which are commonly
used in the astronomical field, only partially contain the rotational transitions for the vibrational
ground state. It is worth mentioning that the MARVEL database is able to predict unknown

transitions based on the selection rules and experimental energy levels.
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4.3 Deuterated Cyanoacetylene

4.3.1 Introduction

Cyanoacetylene (HC;N) is a widespread molecule in the ISM. Its abundance is such that iso-
topic species have also been discovered in space. The deuterated isotopologue DC;N was first
discovered in the dark cloud TMC-1 (Taurus Molecular Cloud 1) through the observation in
emission of its J = 5 — 4 rotational transition lying at about 42.2 GHz [145]. Subsequently,
deuterated cyanoacetylene has been extensively observed in cold molecular clouds, such as
L1498, L1544, L1521B, L1400K, and L.1400G [146], as well as in the hot cores of the high-
mass star-forming regions Orion KL and Sagittarius B2(N) [147, 148]. Recently, DC;N has
been employed to investigate the evolutionary stage of massive star-forming regions: Rivilla et
al. [149] detected the emission of DC3N (J = 11 — 10 transition) in a sample of 15 sources
containing both cold and warm high-mass star-forming cores, and acquired the first emission
map of DC3N in the high-mass proto-cluster IRAS 05358+3543.

The astrophysical relevance of DC;N is related both to the ubiquitous presence of its parent
species (HC;N) in space and to its deuteration. Indeed, the study of interstellar D-containing
molecules provides important information on the properties and the evolution of star-forming
regions (see, e.g., Ref. [150], and references therein), and is a key tool to follow the chemical
history of the materials which eventually enter into the composition of planetary bodies.

The laboratory spectroscopic knowledge of DC;N is not homogeneous over the full spectral
range of interest to astronomy. While the rotational spectrum of DC;N has been accurately stud-
ied and it is well suited to guide astronomical observations at millimeter wavelengths, a detailed
knowledge of its IR spectrum is limited to the spectral range between 200 and 1100 cm ™ [151].
At higher frequencies, only low-accuracy spectroscopic data are available in the literature [152].
The same applies to the MIR spectrum of HC5N above 1000 cm™!, for which the ro-vibrational
bands were recorded either at low resolution (0.025 and 0.050 cm™') [152] or in a narrow
spectral interval [153—155]. Such patchy results were mainly due to the type of instrumenta-
tion employed, i.e., Ebert-type and Diode-laser spectrometers. Currently, these limitations are
easily overcome by employing FT-IR spectrometers, which offer the possibility of recording
high-resolution ro-vibrational spectra in a wide frequency range.

To fill the lack of information described above, a comprehensive investigation of the high-

resolution MIR spectra of DC;N and HC;N has been carried out using FT-IR spectroscopy.
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In addition, the pure rotational spectra in some vibrational excited states of DC;N have been
recorded in order to determine highly-accurate spectroscopic parameters. The new assignments
of the IR and millimeter-wave spectra were combined into a single global fit from which a
consistent set of spectroscopic constants has been determined. The present analysis of DC;N

provides a highly-precise rest-frequency catalog useful for astronomical observations.

4.3.2 Experimental details

The DC;N sample was synthesized in Rennes by Prof. J.-C. Guillemin following the procedure
described in Ref. [156]. In brief, the dropwise addition of methyl propanol (HC=CCOOCH;) to
liquid ammonia yields a 100% conversion into propanolamide (HC=CCONH,). The latter was
subsequently mixed with phosphonic anhydride (P,O,() and calcined white sand and heated at
470K for more than 2 h. Using a liquid nitrogen-cooled trap, pure HC;N could be collected dur-
ing the process. Then, HC5N (3 g), heavy water (D,0O, 4 mL) and potassium carbonate (K,COs,
50mg) were mixed together in an inert atmosphere. The diphasic mixtures were then stirred
at room temperature for about 20 min. Subsequently, a portion of the DC;N sample was con-
densed in the vacuum line through a 77 K cooled trap. The procedure of the addition of D,O
and K,CO; was replicated three times. Finally, almost pure DC;N (> 98% ) could be condensed

in a trap cooled at 150 K after removing the residual D,O by vaporisation on P,Oy,,.

Fourier-transform IR interferometer

IR spectra of DC;N and HC;N were recorded in the 1500-3500 cm™! range with the Bomem
DA3.002 FT-IR [157, 158] described in Chapter 3. Two spectra were recorded in the 1500-
3500 cm™! region using different pressures of DC;N, namely 16 and 32 Pa, at a nominal res-
olution of 0.004 cm~'. Both of them were obtained from the co-addition of 140-200 scans,
for a total integration time of 13—18 hours. The frequency axis of the spectra was calibrated
by using about 50 transitions of H,O and CO, as references, whose wavenumbers were taken
from the HI TRAN database [84]. On average, the calibration residuals are about 5 x 107> cm™*.
Absorptions due to HC;N were also detected in the same spectra with a good S/N because of
the hydrogen-deuterium (H/D) exchange occurring in the multipass cell. The line-center fre-

quencies were retrieved with the PGOPHER software [159] using the maximum intensity of the

lines and their uncertainty is assumed to be 4 x 10~* cm™" in all cases.
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Frequency-modulation millimeter/submillimeter-wave spectrometer

Pure rotational transitions of DC;N were recorded in three high-energy vibrational states using
the FM-mmW spectrometer described in Chapter 3. For the present measurements, the temper-
ature of the furnace was set to 700 °C in order to increase the population of DC;N in excited
states, while a small flow (~ 1 Pa) of DCsN was ensured inside the cell. The accuracy of the

retrieved frequencies is estimated to be 30 kHz.

4.3.3 Analysis and Results

Theoretical background

DC;Niis a closed shell linear molecule which possesses seven vibrational modes: four stretching
modes (v1, v, V3, vy; 2 symmetry) and three doubly-degenerate bending modes (vs, vg, v7; 11
symmetry), all of them being IR-active. The low-lying vibrational modes (v4, vs5, vg, v7) as
well as some of their overtone and combination states have been extensively analyzed in the
literature [151]. In the present work, the focus was on the fundamental transitions of the vy, vs,
and vj stretching modes, and their hot bands (14 + v7 — v, 5 + v — V7, and v3 + v; — v7),
which all lie in the MIR region.

The effective Hamiltonian employed in this work to analyze the ro-vibrational transitions of
both DC;N and HG;N, and to retrieve the spectroscopic parameters is described in Ref. [160].
Since the present study focuses on the analysis of three stretching states (2 symmetry) and their

vy-associated hot bands, the Hamiltonian can be simplified as:
H=H,,+ Hfftype (42)

where H,, is the ro-vibrational Hamiltonian and H,_,,,. describes the /-type interaction be-
tween /¢ sub-levels of the excited bending states.

In the ro-vibrational part, the diagonal elements of the Hamiltonian can be expressed as:

bz, k|Hyo|lz, k) = Gy + XL(77)£72 + (B, + dJL(77)€72)f(J7 k)
— (Dy + hyrenla?) (1 k) + (Hy + Linan/ta?) f(J, k)

4.3)

where G, is the pure vibrational energy, B, is the rotational constant, and D, and H, are the

quartic and sextic centrifugal distortion constants, respectively, of the vibrational state v. The

57



dependence of these four constants on the vibrational angular momentum /7 is expressed by the
terms X r.(77), dyrrrys horerny, and Ly err).
As far as the vibrational /-type doubling term is concerned, the elements with |Ak|=2 can

be written as:

(U7 £ 2,k £ 2| Hi_typellr, k)
4.4)

i[Q7+Q7JJ(J—|— 1) +Q7]JJ2(J+ 1)2] X \/<U7:F€7)(’U7 :|:€7 +2) X \/fig(J, k)

The functions f(J, k) and f+,(J, k) appearing in the equations above are defined as follows:

FLE) = J(T+1) — k2, (4.5)
fn(LE)=T]7(T+1) = k£ (p—1)](k£p). (4.6)
p=1

4.3.4 Spectral features

For both DC;N and HC;N, the vy, v, and 5 stretching bands are located between 1900 and
3400 cm™! (2.9 — 5.3 um). An overview of the vibrational bands recorded in this work is
provided in Figure 4.3.1. From the inspection of this figure, it is evident that all the twelve
bands observed and analyzed show the typical contour of the > — > or II — II bands of a linear
rotor, thus presenting well-defined P and R branches, but no () branch.

While the absolute intensities of DC5N bands are quite similar to each other (v; = 81 atm™!

cm~2, v, = 50 atm~! cm™2, and 15 = 39 atm~! cm~?2 [156]), the situation is different for HC;N
(ry =249 atm ' em™2, 1, = 41 atm™ ' cm ™2, and v5 = 8 atm™! cm~?2 [161]), with an overall
variation of more than one order of magnitude. Furthermore, the hot-bands analyzed in this
work (v1 + v7 — v7, 15 + 7 — 17, and v3 + V7 — v7) are nearly three times weaker than the
corresponding fundamental bands because of the Boltzmann factor at room temperature (the
energy of the v; = 1 state is 221.8 cm™1). Spectral recordings were performed employing vari-
ous pressure values to account for these different band intensities, and to obtain a homogeneous
S/N for a wide range of .J values.

In addition to the IR measurements, pure rotational spectra of three vibrational excited states

of DC;3;N were recorded between 243 and 295 GHz. In detail, some J + 1 < J rotational

transitions have been observed for the v3 = 1, vo = 1, and v3 = v; = 1 states, with J ranging
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from 28 to 34. Both v3 = 1 and v, = 1 are X states and their rotational spectra appear like a
sequence of (almost) equally-spaced lines, while the v3 = v; = 1 state has a II symmetry, thus

showing a series of doublets due to the /-type resonance.

Analysis of the spectra

The analysis of the ro-vibrational and pure rotational spectra has been performed with the aid
of the PGOPHER program [159] and the CALPGM suite [162]. Initially, more than 1500 ro-
vibrational transitions of DC;N belonging to the 14, v, and 3 fundamental bands and to their
vy +v;—ug, Vo177 — 1y, and v+ v — vy hot-bands were assigned, and they include high-.J tran-
sitions up to J = 110. However, not all the ro-vibrational transitions assigned could be incorpo-
rated in the fit with the estimated experimental accuracy. In particular, the 15 + /7 — /7 hot-band
exhibited some deviations from our modelling, especially for transitions with J between 10 and
15. To check and correct possible misassignments, we have also employed the Loomis-Wood

for Windows (LWW) program package for symmetric-top molecules [163], which revealed no
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