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Abstract

Spectroscopic, experimental or theoretical data needed for the detection of new species in
the interstellar medium (ISM) are missing or incomplete for five- and six-membered ring substi-
tuted derivatives. Besides spectroscopic information, geometrical structures and thermodynamical
data, experimental and/or theoretical, are also missing for such species to fully characterize them
in the ISM. To supplement the existing literature information and supply new data valuable for
the characterization and detection of new species in the ISM, quantum chemical calculations, in-
cluding geometrical optimizations, simulated IR, Raman and UV-VIS spectra, as well as rotational
parameters need in rotational spectra computing, are carried out for 2-cyanothiophene (2CNT)
and 3-cyanothiophene (3CNT) and some of their isotopologues and protonated forms. Following
empirical corrections for systematic deficiencies of methods and basis sets to adjust geometrical
parameters, the molecular geometry for the parent thiophene was determined and an excellent
agreement with experiment achieved. An agreement between the available experimental and calcu-
lated values for the fundamental vibrational frequencies of the parent compound (thiophene) was
also fulfilled. The same strategy was subsequently used for both cyano derivatives 2-cyanothiophene
(2CNT and 3CNT). Geometrical parameters and thereby rotational, centrifugal, quadrupole con-
stants, dipole moments, etc, of cyanothiophene derivatives and some of their isotopologues have
thus been obtained. The structures that were obtained as mentioned above, are expected to be
close to the corresponding experimental ones. A complete description of the IR and Raman spectra
including IR frequency assignment and potential energy distribution (PED) analysis is provided.
The IR and Raman spectra for deuterated and protonated forms and UV-VIS spectra for thiophene,
2CNT and 3CNT are also analyzed. Rotational spectra for 2CNT, 3CNT and some isotopologues
are analyzed. N, 33S and 2H quadrupole hyperfine constants, dipole moments for 2CNT, 3CNT,
333.2C1PNT, 338-3C"°NT, 2C°NT-3D and 2C"°NT-2D, 2CNTH " and 3CNTH " are also calculated
and the corresponding hyperfine structures analyzed. Rotational lines intensities and line profiles
are also discussed. Strongest transition lines and optimum regions of detectability are discussed
too. Regarding thermodynamical properties, the proton affinity (PA) of R—CN, enthalpy, entropy
as well as the Gibbs free energy changes (ArH, A.S and A;G) for reactions producing R—CNH ™"
and R—CND™ are computed at G2(MP2) and G3B3 levels of theory at different temperatures and
at two pressures (i.e., 1 and 107> atm) (here R=C,H;S or H). The spontaneity for different reac-
tions of formation of cyanothiophenes, their deuterated and protonated forms are also explored at
different ISM environmental conditions. The analysis of calculated values of A;H, A.S and A, G for
reactions yielding C,H3S—CN, C,H;S—CNH™ and C,H3S—CND™ reveals that, in the same way
as in cases of reactions relating to HCN, all the reactions are spontaneous at different conditions.
Similarly, the investigation on PA calculations shows that the protonation favors the nitrogen atom
for cyanothiophenes and the a-sites for the thiophene rings. The present computed molecular data
are intended to assist astro-scientists in the search of these species in the ISM.



Résumé

Les données spectroscopiques, expérimentales ou théoriques nécessaires dans 1’'identification
de nouvelles espéces moléculaires telles que les dérivés substitués de cycles & cing et six chainons
dans le milieu interstellaire (ISM) sont manquantes ou incomplétes. Outre les informations spec-
troscopiques, les structures géométriques et les données thermodynamiques, expérimentales et/ou
théoriques, sont également manquantes pour que ces espéces soient complétement caractérisées dans
le ISM. Pour compléter les informations existantes et fournir de nouvelles et fiables données néces-
saires pour la caractérisation et I’identification de nouvelles espéces dans le ISM, des calculs utilsant
les méthodes de la chimie quantique, y compris I’optimisation géométrique, simulation des spectres
IR, Raman et UV-VIS, ainsi que le calcul des paramétres rotationnels nécessaires a la simulation
des spectres rotationnels, sont effectués pour le 2-cyanothiophéne (2CNT) et 3-cyanothiophéne
(3CNT) et certains de leurs isotopologues et formes protonées. Par des corrections empiriques
des erreurs systématiques dues aux méthodes, en plus de petits ajustements basés sur certains
parameétres géométriques, la géométrie moléculaire du thiophéne (molécule mére) a été obtenue avec
un excellent accord avec la géometrie expérimentale. Un accord entre les valeurs expérimentales
disponibles et calculées pour les fréquences fondamentales de vibration du thiophéne a également
été observée. La méme stratégie est donc ensuite appliquée aux dérivés substitués du thiophene,
notamment, 2-cyanothiophéne (2CNT et 3-cyanothiophéne 3CNT) et leurs isotopologues. Des
paramétres géométriques, en particuliers, les constantes rotationnelles, centrifuges et quadrupo-
laires, les moments dipolaires, etc, des cyanothiophénes et quelques uns de leurs isotopologues sont
obtenus. On s’attend & ce que les structures obtenues suivant la procédure ci-haut décrite soient
proches des structures expérimentales correspondantes. Une description compléte des spectres IR
et Raman, y compris 'attribution de fréquences IR sur base de la distribution d’énergie potentielle
(PED) a été aussi effectuée. Les spectres IR et Raman pour les formes deutérées et protonées et les
spectres UV-VIS pour le thiophéne, 2CNT et 3CNT sont analysés. Les spectres rotationnels pour
2CNT, 3CNT, leurs formes protonées et certains isotopologues sont également étudiés. Ainsi, les
constantes de couplage hyperfine relatives aux noyaux quadrupolaires N, 338 et 2H, les moments
dipolaires pour 2CNT, 3CNT, 333-2C"°NT, 33S-3C"°NT, 2C"NT-3D et 2C"NT-2D, 2CNTH" et
3CNTH™ sont calculés et les structures hyperfines correspondantes analysées. Les intensités des
raies des transitions rotationnelles et leurs profils sont aussi discutées. Les raies des transition les
plus fortes et les régions optimales de détectabilité de ces différents composés sont aussi explorées.
Des propriétés thermodynamiques telles que affinité du proton (PA) de R—CN (R=C,H;3S ou
H), les variations d’enthalpie, d’entropie, mais aussi d’énergie libre de Gibbs (A;H, A,S et A.G)
pour les réactions produisant R—CNH" et R—CND™" sont calculées par les méthodes G2(MP2) et
G3B3 pour différentes températures régnant dans le ISM et & deux pressions (1 et 107 atm). La
spontanéité des différentes réactions conduisant & la formation des cyanothiophénes, leurs formes
deutérées et protonées sont également explorées dans différentes conditions environnementales du
ISM. L’analyse des valeurs calculées des variations A;H, A.S et A.G pour les réactions conduisant a
C,H3S—CN, C,H;S—CNH" et C,H;S—CND™ révéle que, comme celles relatives 4 HCN, toutes les
réactions sont spontanées dans les différentes conditions considérées. De méme, 1’étude des calculs
de PA montre que la protonation favorise I’atome d’azote pour les cyanothiophénes et le site o
pour les cycles thiophéniques. Les résultats de cette thése sont déstinés a aider les astro-scientistes
dans la recherche de ces espéces dans le ISM.
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CHAPTER 0

FORWARD

Thiophene and its substituted derivatives are among not-yet detected five-membered ring
molecules in the interstellar medium (ISM). For this reason, in this thesis, the author provides a
thoughtful quantum chemical based study of cyanothiophenes, some of their isotopologues and their
protonated forms which could help astrochemists and astophysicists in the search of new molecular
species in the ISM. This study is therefore undertaken in the aim of providing reliable geometrical
structures and spectroscopic data, such as UV-VIS, IR, Raman and microwaves results lacking in
the literature and which are also needed for their ISM identification.

The chapter [2] provides a brief overview on the physics and chemistry of the ISM. Chapter
presents the electronic structure calculations. Chapter[4 deals with molecular structure, IR, Raman
and UV-VIS spectra of 2-Cyanothiophene and 3-Cyanothiophene through quantum chemical study.
Chapter 5] discusses the rotational spectra as well as hyperfine structures of 2-cyanothiophene and 3-
cyanothiophene. Chapter [6]explores theoretically the protonation of thiophene and two of its nitrile
substituted derivatives such as the 2-Cyanothiophene and 3-Cyanothiophene, the production of
protonated and non-protonated forms in the ISM and the characterization protonated forms based
on their IR and microwave spectra. Lastly, the chapter [7] gives a general conclusion, whereas the
following part [A] corresponds to the appendix.

Xiv



CHAPTER 1

(GENERAL INTRODUCTION

1.1 Context

The Farth, the planet on which we live, is not an isolated island in space. It is, however,
located in the middle of many other universe objects which may, in one way or another, influence its
behaviour or the behaviour of its content. Indeed, the Earth is the third of the eight largest planets
orbiting the Sun, which with the sun and other numerous moons, asteroids, comet materials, rocks,
and dust are gravitationally bound in the so-called Solar system. Likewise, the Sun is one of the
hundreds of billions of stars in the Milky Way Galazy, which in turn is one among the billions of
galaxies in the Universell. Galaxies in the Universe are, in turn, gravitationally organized into
groups,[ clJusters and superclusters, a galaxy being a bound system of stars, gas, dust and dark
matter 2]

Since the launch of Sputnik 1, the first artificial Earth satellite, by the Soviet Union on Oc-
tober 4t 1957H Bl yp to now, a great number of space missions have been undertaken essentially
by governments. The reasons for this passion of the space exploration are numerous. Governments
have by then invested significantly in this area not only for scientific effects, but also for exhibit-
ing national prestige and power, enhancing national security and military strength, and many
other benefits to the general public. Of the benefits to the general public, numerious meteorologic
and telecommunication satellites are orbiting the Earth and provide instantaneous corresponding
information.

To fully understanding the complexity of the universe, a multidisciplinary interplay is re-
quired. On one hand, understanding its physical properties and dynamical behavior is of central
interests for many areas of astronomy and astrophysicsi®l. These areas include the formation
and evolution of galaxies and stars, cosmic nucleosynthesis, the origin of large complex, prebiotic
molecules and the abundance, structure and growth of dust grains which constitute the fundamen-
tal building blocks of planets, etc. All these processes are intimately coupled to the physics of the
interstellar medium (ISM). Likewise, on a large scale, understanding the structure and physical
properties of the intergalactic medium (IGM) and its relation to galaxies has also intrigued re-
searchers in astronomy and astrophysics. On the other hand, understanding the complex organic
molecules formation, the ISM and IGM chemical evolution and the modelling and explanation of
diverse chemical processes in the ISM and IGM has been the subject of numerous research works in
astrochemistry, whereas the question about the evolution of life on Earth and the existence of life
elsewhere through out the universe has been the origin of the new branch, i.e., the astrobiology .
Knowledge of how atoms, molecules, ions, and free radicals interact outside of Earth’s atmosphere
contributes to the comprehension of geological processes on other planets and the conditions under
which life might form on other planets and in outer space. Indeed, understanding the organic chem-
istry in molecular clouds, comets, and meteorites and their common link brings out constraints for
the processes that lead to the origin, evolution, and distribution of life in the galaxy .

1.2 Literature survey

Since the detection of the first molecular ions and radicals (CN, CH and CH™") in space
in the 1930s and 1940s from visible absorption of diffuse cloudsm ™ the number of detected
molecules has increased remarkably. Up to now, more than 230 molecular species have been



detected in the interstellar and circumstellar media, extragalactic, protoplanetary disk, and ex-
oplanetary environments by astronomical observationsP2. A significant number of the detected
species were identified via their rotational transitions, while a small number is by means of
IR emissions and the remaining very small number by their UV emission™. Of the detected
molecular species, there are inorganic species (e.g. AlCl, NaCl, KC1H4 Hegt 56 poi7
AlOH I8! etc) and organic compounds. Regarding organic compounds, molecular species be-
longing to different functional groups were detected in the ISM. These are, for instance, alco-
hols (e.g. vinyl alcohol (CHy=CHOH)! ethanol (CH;CH,OH)BU etc), ethers (e.g dimethyl
ether (CH;OCH;) | trans-ethyl methyl ether (t-CH;CH,OCH;)R223]) " aldehydes (e.g. prope-
nal (CH,CH,CHO) and propanal (CH;CH,CHO)R24 cyanoformaldehyde (CNCHO)E3) amines
(e.g. Methylamine CH;—NH, l26727]), etc. The search of molecules of prebiotic interest, especially
those which are believed to be intermediate in the prebiotic building blocks such as the glyco-
laldehyde (CH,OHCHO)BS! the glycolonitrile (HOCH,CN), the urea (NH,CONH,)E%30l et
Protonated species (e.g. HCNH ' BI82 NCCNH ' B3l H,COH" B4 etc) as well as deuterated ones
(e.g. DoHT 5 NH,CDO, cis- and trans-NHDCHO, DNCOBS NHD and ND,B7 | deuterated of
interstellar polycyclic aromatic hydrocarbons (PAHs) 1381 etc) were also reported in the ISM and
circumstellar environments. A non-negligible number of the detected molecular species contain the
cyano (—C=N) groupB). Very recent detections of molecules of this kind include Cy H,CNE0l
c—CyH;CN,Hl HC, NEA HC,NCH HCCCH=CCHCN and H,C=CHC,;NE4

Nonetheless, of the overall already detected molecular species, only four aromatic compounds
have been identified in space. These are the benzene (CqHg) detected via its Q-branch of the vy
band at 673.9732cm ™! (= 14.8374 um) in the direction of the proto—planetary nebula CRL618 B3l
the recently detected benzonitrile (c—CzHzCN) on the basis of its rotational transitions in the
cold core Taurus Molecular Cloud 1 (TMC—1)146J, and the very recently detected cyanocyclopen-
tadiene (c—CyzH;CN)HH a first five-membered ring, which is also found toward the starless cloud
core TMC-1. The fourth aromatic molecule detected in the ISM is the 2-cyanocyclopentadiene
(CsH;CN) BT second five-membered ring found in the dense cloud TMC-1. Beside these four
aromatic molecular compounds, no aromatic whether six-membered or five-membered molecular
species is identified in space or formally confirmed by the astrophysicist and astrochemist commu-
nities yet. However, it has been reported that aromatic molecules and their substituted derivatives
(heterocyclic or not) constitute an important component of the ISM H849],

Nevertheless, the literature survey shows a small number of heterocyclic five-membered
rings detected in carbonaceous meteorites. This is, for instance, the cases of benzofurans, i.e.,
O-heterocycles, detected in the Yamato-791198 meteorite, and N-heterocycles detected in carbona-
ceous chondrites, including Orgueil, Murchison, Murray, and LON 94102 (Nuevo et al.BY and
references therein). Regarding S-heterocycles, the thiophene has been observed in high proportion
in Murchison and Orgueil meteorites®!, thiophene and its methyl substituted derivatives (2- and
3-methylthiophene) and many other sulfur-bearing compounds were observed in samples of Mud-
stones gathered from the Gale crater on Mars by gas chromatography-mass spectrometry (GC-MS)
analysisP2. The benzothiophene has been also detected in the Murchison carbonaceous chon-
drite®3 . Several works agree on the ISM origin of the meteorites investigated P#57 Tt has been
also identified that the extraterrestrial organic molecules may be delivered to Earth or other planets
by meteorites 86U In addition, Lattelais et al. 8l reported that pyrrole, furan and thiophene are
unambiguously the most stable isomers of the C,H;N, C,;H,O and C,H,S families, respectively, at
the 10 — 50 K temperatures of the ISM. Five-membered heterocyclic molecules and their hydrogen
substituted derivatives, specially thiophenes, may then exist in different ISM environments.

In the work by Martin-Doménech et al. 2 sulfur is depleted in regions where it is expected
to be abundant, especially around young stellar objects where already detected S-bearing species
account for only 0.1% of its estimated cosmic abundance. Later, Mcguire et al. 3] suggested that
new gas-phase sulfur-bearing molecules should play a key role in the observed sulfur depletion.
As no S-bearing heterocyclic molecule is identified in the ISM yet, in addition to high abundance



of —C=N group containing compound, cyanothiophenes are likely the interstellar search targets.
Indeed, nitriles, i.e., organic compounds with a —C=N functional group, play a pivotal role in
understanding the kinematic and temperature probes in different ISM environments. Moreover, it
has been reported that nitriles are of fundamental importance in prebiotic chemistry since they are
key intermediates in the formation of amino acids, peptides, nucleic acids and nucleobases BED

Focusing then our attention, specially, on cyanothiophenes, the literature shows that only
few works were performed for 2-cyanothiophene, 3-cyanothiophene (CNT, hereafter or 8 and 9
for 2CNT and 3CNT, respectively cf. and their isotopologues species, particularly
on their structures and in the area of spectroscopy. In fact, FT-IR and FT-Raman investigations
were conducted on the solid and liquid states of 865 where line assignment was achieved but
no potential energy distribution (PED) was attempted. A few modes among the 24 fundamental
modes were missing both for IR or Raman results. Aleksanyan et al.l] experimentally explored
the effect of the position and nature of the substituent on the vibration spectra of five-membered
heteroaromatic systems, including 8 and 9. Except that the number of fundamental frequencies
observed was limited, no frequency assignment was also carried out. In additional, whether for
IR and Raman data, no experimental intensities were reported. Microwave spectra for 86768
9169, 345~ and "’N—3 CNT were reported. The survey of these works reveals that the number
of rotational lines observed and assigned experimentally, but also that of hyperfine quadrupole
splittings found are limited. Another shortcoming for all these rotational results is that they all
correspond only to low values of the rotational quantum number ]J. The microwave transitions
observed experimentally are likely weak for being useful in molecular species detection in ISM.
UV-VIS spectral studies were conducted only for g Lastly, a theoretical work on the structure,
electronic properties and the photophysics of some substituted thiophenes was conducted by Solc
et al.I2l where they investigated the influence of the substitution of H by CN groups at different
sites of a thiophene and terthiophene rings. Regarding geometrical structures, experimental
geometric parameters are lacking in the literature. Previous estimations of geometrical parameters
for 867 and 98 obtained by fitting the rotational constants proposed more than two sets of
parameters for each compound.

1.3 Objectives

The main goal for this work is to furnish to the scientific community, especially, astro-
physicists and astrochemists, the material required for the interstellar detection of new molecular
species. Especially, S-bearing heterocyclic compounds containing the —C=N group has a great
astrophysical relevance and therefore need to be explored. For this purpose, this work deals with
the computation of microwave (including hyperfine structures), IR, Raman and UV-VIS spec-
tra for cyanothiophenes in attempt of supplementing the incomplete spectroscopic data from the
literature. Correction schemes are used to produce reliable predicted results such as accurate geo-
metrical parameters and the above quoted spectra for both 8, 9, and their deuterated species and
their protonated forms as well as frequency assignments on basis of the PED.A quantum chemi-
cal investigation of the rotational spectra, including the “N quadrupole hyperfine structures of 8
and 9, their 33S isotopologues (i.e., 3333 C5NT and 33S—2 C15NT), and some of their deuterated
forms (such as 3 C>'NT—2D and 2 C'>NT—3D is conducted. Here, 2D indicates that the H bonded
to carbon atom in x-position of thiophene is substituted by 2H and 2D refers to as the H bonded to
C in B-position substituted by ?H. The protonation of thiophene and two of its nitrile-substituted
derivatives, such as 8 and 9, is also analyzed in this work. Thus, the proton affinity (PA) of 8 and
9 as well as the enthalpies, entropies and Gibbs free energy changes (AH, A.S and A;G) of the
reactions yielding these species and their protonated forms is computed using modern quantum
chemical methods. In the present work, the protonated forms are also characterized by analysing
their thermochemistry, and their vibrational and rotational spectra. The comparison of both ther-
mochemical and spectroscopic properties for HCNH ™, which has been already detected in the ISM,



and R—CNH™, is made and is expected to provide insight to their detection and production in ISM
environments. The cyanothiophenes investigated in this work are expected to be identified in the
ISM environments based on this consistent set of spectroscopic results expected to be valuable in
the search of new species in the ISM.

1.4 Importance of our results

There is a strong interplay between observation missions, laboratory and theoretical works.
It has been reported that research data, i.e., different forms of scientific information (including raw
numbers and field notes, machine tapes and notebooks, edited and categorized observations, inter-
pretations and analyses, derived reagents and vectors, and tables, charts, slides, and photographs,
etc) are the basis for reporting discoveries and experimental results™l. In fact, laboratory and
theoretical researchers have as main goal providing to the community of researchers good and
reliable results needed for the accomplishment of their missions. In astrophysics and astrochem-
istry or astrobiology, observation results are fitted or compared with experimental and theoretical
ones acquired in the same spatial conditions in the validation and explanation of facts. Due to
the availability of new facilities with high angular resolution and high sensitivity, new molecular
species are then expected to be discovered in a variety of environments in the universe. The new
facilities include, especially, the Atacama Large Millimeter /Submillimeter Array(ALMA) 4 the
Stratospheric Observatory for Infrared Astronomy (SOFIA) I3l the two observatories [GOTHAM
(GBT Observations of TMC-1: Hunting Aromatic Molecules) and ARKHAM (A Rigorous K-band
Hunt for Aromatic Molecules) 78] whose particular and main goal is to search for aromatic com-
pounds, ect. Both reliable theoretical and experimental data are of paramount importance for these
observatories in order to fulfill their missions. Indeed, by June 2003, preliminary detections of both
ethyl methyl ether (CoH;OCHj;) and diethyl ether (CoH;OCyHg) in ISM were already reported.
However, due to the lack of laboratory spectra, their definitive detections were not yet confirmed 7
and thus, theoretical and/or experimental data are of the same utility as observation results in the
search of new molecular species. In the same way, the first results from GOTHAM and ARKHAM,
especially those from GOTHAM, have recently resulted in the detection of the largest cyanopolyyne
(HCy;N) in the interstellar medium ™2 molecule with earlier disputed detections. In fact, HC;;N
was detected early in the circumstellar envelope of the cool carbon star IRC + 10 °216 based on
three rotational transitions (] = 70 — 69, 71 — 70 and 72 — 71)I%8. This molecule wase also
detected in the Cold Dust Cloud TMC-1 through two rotational transitions (] = 39 — 38 and
38 — 37) 7. However, the two detections have thereafter been both disputed. For instance, con-
cerning its detection in IRC 410 °216, Travers et al. B9 found that its nearest microwave rotational
transitions lie 0.13% lower in frequency than the lines identified in cloud TMC-1, meaning that
the astronomical lines were something else entirely, and results then in no detection conclusion.
Moreover, Loomis et al.BIl| on the basis of the derivation of HC};N column density in TMC-1,
found also an upper limit column density significantly below than that reported by Bell et al. 7.
Thus, this results also on an no detection. In order then to identify a molecular species in the ISM
environment, the results of the observation are fitted or compared with its laboratory (theoretical
or experimental) and verify their agreement. In other words, laboratory data are needed to confirm
or infirm the detection of a given molecule in space. In such way, our results are expected to assist
strophysicists and astrochemists in the search of these aromatic species in the interstellar space,
as well as to influence or induce other research works, particularly, experimental ones whether in
UV-VIS, IR and Microwave domains of the electromagnetic spectrum.
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CHAPTER 2

INTERSTELLAR MEDIUM (ISM)

2.1 Interstellar matter

Cosmological observations have shown that over 95 % of the total mass of the universe
is composed of dark energy and dark matter whereas the contribution of baryons, i.e., atoms and
molecules from which galaxies, stars, and planets form, is only = 5% 2 The universe is organized
in a hierarchical structure in which matter is concentrated in large organizations known as galaxies,
which occupy only a small fraction of space. Galaxies are found in a variety of shapes and forms.
The three main types are spiral, elliptical and irregular galaxies. Our solar system is located in one
arm of a spiral galaxy - the Milky Way - where it is situated approximately at 8.5 kpc (pc stands
for parsec; 1 pc = 3.26 light years) from the center B,

The space between the stars in galaxies and around galaxies in the universe is not empty,
but rather is filled with material composed of gas and dust. This material spread between stars
is referred to as the interstellar medium (ISM) B4 whereas, on large scale, the material between
galaxies is referred to as intergalactic medium (IGM). In the galaxy, stars form from the ISM,
interact with it, but also pollute it with new materials. For this reason, understanding its properties
and nature is of paramount importance. Likewise, on a cosmological scale, understanding the
properties of the IGM and its link with galaxies is also crucial when one is addressing the problem
of the formation and evolution of galaxies.

The existence of interstellar matter was first unveiled by the presence of many dark clouds
silhouetted against the background starlight in the 1927 photographic atlas of the Milky Way by
E. E. Barnard which gave impression of the absence of stars. The analysis of this photography
revealed that such dark patches are not due to a lack of stars in these regions but to the starlight
blocked from view by intervening interstellar dust absorption®. Interstellar reddening, i.e., the
modification of the colors of stars as a result of selective extinction of starlight by dust in the ISM,
provides further evidence of the presence of interstellar matter.

Most of the ISM is occupied by low density gas (~ 1Hcm™), which makes up about 99%
by mass of the material in this environment, the dust accounts for the remaining portion (1%
with ~ 107" grains cm*3)l61. Regions with intermediate and high density also exist. The ISM
is mainly composed of hydrogen (H) and hellium (He) gas as well as dust. However, the latter
accounts only for 1% by mass of the ISM materiall. In more detail, the chemical composition
of the interstellar gas is distributed into H (93.38%), He (6.49%) and biogenic elements such as
oxygen, carbon, and nitrogen which account for 0.11% (O:C:N ~ 7:3:1). The third-row elements
neon, silicon, magnesium, and sulfur are less copious (0.002%) and have relative abundances of
8:3:3:2; all remaining elements furnish only 0.02%8. These elements can be neutral, ionized, or in
molecular form and in the gas phase or in the solid state. For instance, a significant fraction of the
interstellar H is in the molecular form; even though molecular hydrogen is extremely difficult to
observe, especially at millimeter and sub-millimeter regions of the electromagnetic spectrum due
to the absence of permanent dipole moment®l. Interstellar molecules are of particular importance.
Indeed, prebiotic interstellar molecules may serve, for example, as the first steps toward life in the
universe. Molecules can be also used as "dye" to tracer important processes in the ISM. Molecules
provide also a unique information on the physical conditions of a wide variety of regions, etc @
The dust is composed of solid silicate and carbon-based particles, mainly less than ~ Tum in size
present throughout interstellar clouds that provide surfaces for accretion of gas phase species and
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subsequent grain surface Chemistrylw’ul. In addition, particular spectral features were observed

in the extinction curve, such as the 217.5nm bump or the infrared bands at 9.7um and 18 um and
were attributed to particular types of dust grain: graphite in the case of the 217.5nm bump 13l
and amorphous silicates in the case of the infrared bands 415,

The gas and dust in the ISM are in permanent interaction with radiation, turbulence, mag-
netic and gravitational fields, and accelerated particlesP8l. They are heated by stellar photons,
originating from many stars (the so-called average interstellar radiation field), cosmic rays (ener-
getic [~ GeV| protons), and X-rays (emitted by local, galactic, and extragalactic hot gas). They
also cool through a variety of line and continuum processes and the spectrum will depend on the
local physical conditions.

2.2 Physical properties and chemical composition of molecular
clouds

2.2.1 Physical properties

Understanding the physical properties of molecular clouds supposes the knowledge of prop-
erties of the whole ISM. Earlier models by McKee & Ostriker®? classified the ISM into three
phases: (1) the Cold Neutral Medium (CNM) (n > 10em™ and Tx < 100 KE8IA) " often re-
ferred to as clouds; (2) the Warm lonized Medium and Warm Neutral Medium (WIM and WNM)
(n ~0.1—1cm 3 and and temperatures of several thousands#2%) which is sometimes considered
as the boundary layers of the CNM, and (3) the Hot lonized Medium (HIM) (n < 0.01cm™ and
Tk > 10° K which is sometimes referred to as the intercloud medium or the coronal gas. As
to Ferriere!l half of the interstellar mass is confined to discrete clouds occupying only ~ 1 —2%
of the interstellar volume. It can be roughly divided into three types: the dark clouds, the diffuse
clouds and the translucent clouds. According to this author, the rest of the interstellar matter,
spread out between the clouds, exist in three different forms: warm (mostly neutral) atomic, warm
ionized, and hot ionized. In other words, the gas is organized in phases (cold molecular clouds,
cool HI clouds, warm intercloud gas, and hot coronal gas) of which those objects are highly visible
manifestations 2. Moreover, according to the physical conditions in the ISM, the gas is visibly
present in a variety of distinct objects: HII regions, reflection nebulae, dark clouds, and supernova
remnants 6 presents six phases of the interstellar medium corresponding to a variety of
differences of physical characteristics (temperature and density) of the different ISM environments.
The physical information on the gas and dust could inferred from molecular spectra. In particular,
rotational and vibrational spectra illustrate much information about the density and temperature
of the gas as well as its kinematics such as the collapse and rotation H6/23l,

Table 2.1 — The Interstellar gas phases.

Cloud type T (K)* Density? Indicators Extinction®

Coronal gas (Hot ionized medium) 10° 1077 OVI-VII], ...

Intercloud H; (Warm neutral medium) 6x10°—10*  0.2-0.5 HI, O1, etc 0.1

Diffuse ionized gas (Warm ionized medium) 8 x10° 0.2-0.5 HII, O II-III, ... 1.0

Diffuse clouds (Atomic cold neutral medium) 30-150 1-1000- HI, O etc 0.2

Dark clouds or Molecular clouds or Dense clouds <50 100-500 H,, CO, etc 0.2-1
(Molecular cold neutral medium)

Protostellar cores (Molecular hot cores) 100-300 10" —10°  H,, CO, etc 5- 10

From Kaiser ™ Ehrenfreund and Cami# Wooden et al. 2 Klessen and Glover 28 |

As the relative abundances of isomers should depend strongly on the physical and chemical
conditions in the interstellar medium, isomers act as tracers to elucidate temperature and density-

dependent formation routes to extraterrestrial molecules®l. As shown in [Table 2.1| at broad point
of view the ISM gas could be distributed into six types of cloud environments:



1. The coronal gas or Hot ionized medium (HIM). This ISM component is the result of
supernovae (in abbreviation: SN or SNe is a powerful and luminous stellar explosion that
occurs during the last evolutionary stages of a massive star or when a white dwarf is triggered
into runaway nuclear fusion) exploding in the ISM, creating large, ionized bubbles filled with
very hot gas (T ~ 10° K)PZ26  According to these two references, although the gas would
eventually cool, the temperature dependence of the atomic cooling curve at high temperatures
is such that the cooling time around T = 10°K is considerably longer than the cooling time
in the temperature range 10* < T < 10° K. Therefore, rather than this hot gas having a wide
range of temperatures, one would instead expect to find most of it close to 10° K. This hot,
ionized phase of the ISM has subsequently become known as the HIM. Genarally speaking,
it is a hot and diffuse component characterized by a temperature range 5.3 < logT < 5.9,
a density range —2.3 < logn < —1.5 with a pressure p/k < 10*cm3KEd. McKee and
Ostriker M7 in their self-consistent model of the local ISM, have demonstrated that 70%
of interstellar space is filled with hot gas. They have found that this component occupies a
much larger volume than the cold clouds—the filling factor being 0.2—but contains far less
mass.

2. The intercloud H; or Warm neutral medium (WNM). The neutral hydrogen (Hj ) exists
in two stable phases, in pressure equilibrium with one another but also with the hot ionized
medium: the cold neutral medium (CNM) at temperature T < 300 K, roughly ~ 40 — 200 K 128!
and the warm neutral medium (WNM) at temperature T ~ 10*KE29. The WNM, a warm
diffuse medium, contributes to the emission but is extremely difficult to detect in absorption
due to its low optical depth contrary to the dense phase (i.e., CNM), which has high 21 cm
optical depth and gives rise to the narrow absorption features seen towards continuum sources.
The latter is characterized by a number densities n ~ 1 —10cm ™3 whereas that of the former
is ~ 0.01 —0.1ecm 228, These two H; phases coexist with comparable thermal pressures but
with radically different temperatures and densities, the primary cooling mechanism being the
radiative de-excitation of collisionally excited fine-structure lines of metals in CNM and the
onset of Ly cooling mechanism at about 8000 K resulting at a warm rarefied phasel. The
WNM fractional ionization ~ 0.1 is maintained by the very soft X-rays (hv ~ 60 eV) emitted
by supernova remnants.

3. Diffuse ionized gas or Warm ionized medium. In their model of ISM component,
McKee and Ostriker P have subdivided the HIM into two regions, an outer one wherein the
fractional ionization is ~ 0.7 maintained by hot B star warm ionized medium (WIM), and
an inner layer of smaller volume (the WNM). By calculating the physical conditions of this
component, the authors found a temperature T ~ 8000 K, a hydrogen density, n ~ 0.25cm?,
a fractional ionization, x ~ 0.68, a filling factor f ~ 0.23, a mean cloud radius of = 2.1pc

and a mean column density of ~ 0.22 x 10" em 2.

The main ionization source and mechanism contributing to the WIM emission is the pho-
toionization by OB stars (a unique source of energy sufficient to maintain the bulk ionization
properties of the WIM)BY . In the Milky Way, OB stars provide > 10~*ergscm2s~', or
~ 15% of the ionizing radiation outputBY. Beside this heating mechanism wich increases the
electron temperature at low density (n.) at a heating rate per unit volum proportional to nﬁ,
Reynolds et al. Bl proposed an additional heating source with a rate per unit volume propor-
tional to a lower power of ne: the dissipation of interstellar plasma turbulence with a rate of
~ 1071, ergscm3s~'. According to the authors, if such source was present, it would dom-
inate over photoionization heating in regions where n. < 0.1c¢m™3 | producing the observed
increases in the [Syi]/Hy and [Ny]/Hy intensity ratios at large distances from the galactic
midplane as well as accounting for the constancy of [Sy]/[Nyi], which is not explained by
pure photoionization. They also provided an additional supplemental heating sources, such
as magnetic reconnection, cosmic rays, or photoelectric emission from small grains, which
could also account for these observed properties and which supply ~ 10ergs s~ per square
centimeter of the Galactic disk to the warm ionized medium.
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4. The Cold neutral medium (CNM). So far, it has been seen that one of the three
components of the ISM is the CNM. The CNM can be devided into numerous of cloud
types, spanning a wide range of physical and chemical conditions®#. On one hand, the
densest clouds, mostly protected against UV radiation from stars, are variously referred to
as dense clouds, dark clouds, or molecular clouds. On the other hand, there are
more tenuous clouds, fully exposed to starlight, and they are usually referred to as diffuse
clouds, whereas clouds that fall in between these two extremes are often called translucent
clouds. Véazquez-Semadeni et al. 33l reported that the cloud formation process begins with
the formation of transient, thin sheets of cold gas characterized by a thicknesses of ~ 0.05pc,
a column densities of ~ 0.2 x 10%°cm ™2, temperatures of ~ 20K, and line widths of ~1kms™.

5. Hot molecular cores (HMCs). The physical structure of HMCs is not well known, and
differs from source to source. Most sources have masses on the order of 10° M4® , and
luminosities of the order of 10° L), which is reprocessed by dust and mostly emitted in the
far infrared. HMCs are compact (diameters < 0.1pc), dense (n > 107cm™3), hot (T >
100K), and dark (Ay > 100 mag) molecular cloud coresB4. They are characterized by a rich
chemistry observable in molecular line emission at (sub)mm wavelength B3l In fact, models of
hot cores have shown that gas densities within these media typically fall in the 10° —10% cm™3
range, even though many single-point models adopt values of around 107 cm =3 B8 Whereas
warm cores are produced by low-mass protostars, high-mass protostars are more luminous
than low-mass protostars, and heat the surrounding infalling core material (gas and dust) on
protostellar disk to a greater extent and produce hot cores 23,

[6132537038] * For instance,

Physical conditions of different clouds have been discussed in several works

diffuse clouds are characterized by typical number densities of 10! — 107 atoms cm ™3, average
translational temperatures of the gas of 100— 120 K and contain up to a few thousand solar masses.
They have a visual extinction of Ay < 1 mag and, consequently, the interstellar ultraviolet radiation
easily penetrates them. UV photons play then a significant role in the chemistry of these clouds
as they ensure photodissociation of molecules. Concerning translucent clouds which are thought
to be the bridge between diffuse and dense structures, they are characterized by moderate number
densities of 102 — 10% atoms cm 3, relatively low kinetic temperatures of 50 — 100 K compared to
diffuse structures and present a visual extinction such that 1 mag < Ay < 5mag. The densest
clouds are formed from low-density clouds and characterized by typical number densities of 102—10%
atoms cm > and low kinetic gas temperatures of only 10 — 15 K. Concerning molecular abundance
in different clouds, it has been pointed out that, in diffuse and translucent clouds, UV radiation
penetrates easily so that it ensures the photodissociation of molecules. Thus, the formation of
molecules is, in general, dominated by photochemistry and photoionization . Inside dense clouds,
interstellar dust particles (i.e., submicrometer-sized silicate- and carbonaceous-based grain nuclei)
shield complex molecules from the destructive short wavelength radiation field® and the flux of
the interstellar UV radiation field drops from 108 photonscm™2s~! to a residual flux of only 103

photons cm™2s~.

According to Solomon et al.B¥ the molecular clouds can be divided into two components:
a cold one with T < 10K and a warm component, including many clouds with cores characterized
by T > 20K. The authors pointed out that the cold clouds, which were priorly believed not to
contain stars in spectral type than late B, are found to be smoothly distributed throughout the
galactic disk. Moreover, the warm clouds, which are often thought to be among the largest and
most massive, are associated with radio Hyy regions and appear to be a spiral arm population #.

The distinction between different clouds may be stated in terms of the total column density
of hydrogen through the cloud, given by #H:

Ny = J n(H) +2n(Hy)] dl. (2.1)
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Diffuse clouds are then characterized by Ny < 5x 102! em™2 corresponding to a visual extinction

A, < 3mag and dense clouds by Ny > 5 x 102" cm=2 and A, > 3mag®!. The magnetic-field-
influenced gravitational collapse of diffuse clouds forms dark, dense molecular clouds which are
aptly known as stellar nurseries. Due to the absorption of most of the external UV radiation by
the gas and dust, the interiors of dark, dense molecular clouds reach temperatures as low as 10K,
ensuring the incorporation of much of the gas-phase C, N, and O into ice mantles that coat the dust
grains ¥ Further, more localized, gravitational collapse of material onto a central dense core feeds
the growth of a nascent protostar, which heats the inner regions of its surrounding envelope, creating
the hot (~ 100K), dense (number density > 10° molecules per cm?, optical depth ~ 10%) physical
conditions in which many complex interstellar molecules (e.g., methyl formate (HCOOCH;3)) are
detected. For solar-type star formation, in particular, the protostar is found to be encircled by a
thin, flat, rotating structure called a protoplanetary disk. Depending on the mass of the protostar,
the transition from the cold core phase (~ T0K) to a hot core or corino can take on the order of a
million yearsH2l.

Table 2.2 — Some interstellar sources of molecules

Cloud type Density(/cm?) Temperature (K) Salient molecular feature
Diffuse clouds
Typical conditions 1000 50 -100 Some diatomic
Shocked regions <4000 CH"
Translucent clouds 1000 10-50 Some polyatomic
Dense clouds
Inter-core material 1000 ~10 Some polyatomic
Quiescent cores 104 ~10 Many polyatomic
Low mass young-stellar objects
Starless cores 10% —10° ~10 Many polyatomic
(Collapse starting)
Collapsing cores 10% —10° ~10 Depletion onto grains
(Central object present)
Protoplanetary disks' <1010 ~ 30 Depletion onto grains
High mass young-stellar objects
Hot molecular cores 10° 100 — 300 Saturated molecules
Shocked regions? 104 <4000 Sputtering®
Photo-dominated regions 10* 100 — 1000 PAH’s
From l43]; ! Protoplanetary disk: It is a rotating circumstellar disc of dense gas and dust surrounding a young

newly formed star. 2 Shocked regions are regions whose gas is in turbulent motion associated with various
outflows present in the region®4. 3 Sputtering is a physical process in which atoms in a solid-state (target) are
released and pass into the gas phase by bombardment with energetic ions.

2.2.2 Interstellar molecular abundance

The majority of the volume of the interstellar medium is very hot (T > 10000 K) and does
not contain any molecules at alll¥l. Hence, any ISM environment among the ones presented in
[Table 2.1] except the fourth and fifth, is therefore not expected to contain molecules. In fact,
Herbst 3] has compiled the ISM environments where molecular species could be found.
presents the sources of molecules as presented by this author. Beside these two regions susceptible
to contain molecules (diffuse and dark clouds), Kroto™3] mentioned additional regions such as (1)
circumstellar shells, (2) stellar atmospheres and comets. The vast variety of molecules, radicals,
and ions detected so far in various regions of space are therefore not distributed homogeneously,
but rather are confined to distinct environments.

As for Arumainayagam et al. 42 the first detections of molecules (CH in 1937 and CN in
1940) in space appeared surprising because of the very harsh ISM conditions such as: (1) low tem-
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peratures (10-100 K ) that are usually thought to inhibit chemical synthesis, (2) near zero pressures
(107 atm) that reduce reaction rates by lowering the molecular collision frequency, and (3) the
intense ionizing radiation (including cosmic rays with energies ~ 102" eV ) that is capable of de-
stroying molecules. Fiew years before these discoveries, it was claimed that no known mechanism
could account for the significant presence of extraterrestrial molecules B8, contains the
actually already detected molecules in the ISM or circumstellar shells by February, 2020 (https:
//cdms.astro.uni-koeln.de/classic/molecules). The overall already detected molecules in
the ISM or Circumstellar Shells, as well as extragalactic (see the same website) molecules, but also
not included molecule (see http://www.astrochymist.org/astrochymist_ism.html) account for
more than 200 molecular species. By 2018, more than 204 individual molecular species, com-
prised of 16 different elements, had already been detected in diverse environments, ranging from
nearby objects in our solar system to distant sources in the early universe3 including interstellar,
circumstellar, extragalactic, protoplanetary disk, and exoplanetary environments by astronomical
observations®d. By 2020, the number of confirmed detected molecular species shows that 224
molecules have been found in interstellar, circumstellar, extragalactic, protoplanetary disk, and ex-
oplanetary environments 3. Most of the molecules already detected in space were identified based
on their rotational transitions observed in the microwave and submillimeter part of the electro-
magnetic spectrum and the remaining proportion thanks to IR, visible (VIS) and ultraviolet (UV)
observations.

As reveled in (see also http://www.astrochymist.org/astrochymist_ism.html| and
http://www.astrochymist.org/astrochymist_ism.html), these molecules are of various kinds.
Observation of this Table reveals that diatomic molecules formed with second- and third-row ele-
ments are particularly predominant. It is not thus surprising that most of molecules detected in
space are composed of the cosmically abundant biogenic elements H, C, N, O and S, these atoms
being the most abundant elements in the ISM. Likewise, it is clear that the more the number of
atoms in a molecule increases, the more the number of molecules with this number of atoms already
detected decreases. In fact, it has been found that the partition functions of larger molecules are
large, making them much more difficult to be detected, even if they are present in large quanti-
tiesB). Another difficulty in searching for complex molecules arises from the fact that, for good
astronomical sources, there are so many different molecules so that their fingerprints overlap, mak-
ing them also difficult to disentangle. Moreover, the more the number of atoms in a molecule
increases, generally, the more does the complexity of its spectrum and its spectrum becomes thus
an indecipherable mush of linesB%.

Among detected molecules, there are COMs especially prebiotic molecules with many func-
tional groups such as sugar-like molecules (e.g., CH,OHCHO B alcohols (e.g., Vinyl alcohol
CH,=CHOHPB2 methyl alcohols [CH;OH, CH;0D, 13 CH,OH|B3) CH,0CH,OHFY etc), ether
(e.g., ethyl methyl ether CH;0CH,CHj, dimethyl ether ((CH)3O[55J), alkenes (e.g., ethylene oxyd
c—CoH,OH P56 " amines (e.g., methyl amine CH;NH, B7), acids (e.g., CH;COOHBS) long car-
bon chain molecules (e.g., CHyCH—CH3 B nitriles (e.g., HCN 6962l HOCH,CN 63 SiH,CN 64,
etc). The table also contains unsaturated COMs such as polyynes (e.g., HC,N ou H(C=C),CN 63,
HCNI60l etc), fullerenes (e.g., Cgo 6768 € 681 ¢ 169y Many among the molecular species in
this table are well-known in the laboratory, but a great number is also constituted by quite unusual
molecular species by terrestrial standards. The unusual species include positive molecular ions
(e.g. HCO™, H;O", Hy ", HeH ™" 0 AyH T 221 padicals (e.g., SHIB, cgHIE ¢ HIP! CgH and
C,HI ¢, 1T ¢ 178l etc), three-membered rings (e.g. C3H, C3H, ™), isomers (e.g. HNC 6258081
and HCONBI82) “anjons (e.g., C,H 183, CeH™ 34, CgH™ [eies] C3N™ B8l and CsN™ BT ete).
Amino acids are the essential molecular components of living organisms on Earth and have been
widely identified in the ISM. However, whereas their spontaneous generation in the interstellar
medium is possible, the proposed mechanisms for their spontaneous generation have been unable
to account for their presence in Earth’s early history 8. These molecules are found among the var-
ious tracers of organic materials in space (interstellar extinction, cometary spectra, planetary and
meteoritic materials, etc). The diffuse interstellar bands (DIBs) may well represent a particularly
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Table 2.3 — Molecules in the Interstellar Medium or Circumstellar Shells (as of 02/2020)
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promising tracer for the presence of complex organics in the interstellar medium. DIBs are a large
number of discrete, related, spectral features which are observed in the ultraviolet and visible parts
of the interstellar extinction curve. DIBs are thought to represent a major player in understanding
the organic content of the interstellar medium. The identification of the DIB carriers will provide
essential information on prebiotic organics in the ISM B,

2.3 Interstellar chemistry

Due to the broad heterogeneity of temperatures ranging from 10 K to a few thousand Kelvins
as well as to the extraordinary diversity of number densities extending over 8 orders of magnitude
(10" — 107 atoms cm™3), the interstellar chemistry is undeniably expected to be diverse 6] While
polyatomic molecules are a significant component of matter at temperatures below 4000 K, diatomic
systems can survive to somewhat higher temperatures and may be found in environments with
temperatures up to about 8000 K, Two basic sets of information such as (i) the rate constant and
(ii) the chemical reaction dynamics are crucial to ascertain whether a chemical reaction is feasible
in distinct interstellar environments®l. Hence, the former is fundamental in categorizing how fast a
chemical reaction is (i.e., kinetics) whereas the latter concerns with the entrance and exit barriers,
intermediates involved, reaction products, and the energy partition into translational and internal
degrees of freedom. The kinetic measurements by Kaiser ¥ yielded compelling evidence that atomic
carbon, cyano, and ethinyl radicals react rapidly with unsaturated hydrocarbon molecules even at
ultralow temperatures.

The key point of interstellar chemistry is cloud opacity. If a cloud is transparent - a diffuse
cloud characterized by an low optical depthE| (T < 1) - then molecular lifetimes are limited
by photodissociation by the ultraviolet radiation from stars. On the other hand, if a cloud is
opaque to starlight, i.e., with T > 1, any formed molecules may be very long-lived 2243l However,
understanding the production mechanisms of the observed molecular species in the space has been
an open question. Hence, even though the synthesis of simple molecules such as CO but also
of simple hydrides like water and ammonia should be well explained by many viable gas-phase
mechanisms, the interstellar formation mechanism for larger molecules has been a debate for many
scientists in this domain PF#291H00] - For instance, McNally 2 suggested that interstellar molecules
originate in the atmospheres of cool evolved stars from which they are expelled by stellar winds
but this mechanism appears incapable to enrich the interstellar gas with molecules to a very large
fraction. That is, even at an ejection velocity of 100km s~ a molecule travels only 10" ¢cm from
its source during a typical lifetime of 10'© sl Other authors thought that certain cool stars,
notably IRC + 10216, are richly endowed with circumstellar molecules 4. But, if it was the case,
several hundreds of such stars are losing mass at a rate of 107> My, per year and such phenomena
would be required to maintain the observed concentrations of heavy molecules in dark clouds of
moderate size. Other molecular production possibilities were also suggested 193] Subsequently,
new molecular production mechanisms have been proposed. This is the case of gas phase and grain
formation mechanisms™H. A third mechanism had been introduced: ice bulk or its surface #2101
In star forming regions, an icy mantle grows on dust particles from accretion of gas phase species
on their surfaces P02l T fact, once a protostar is formed, the ices covering dust grains evaporate
and many complex molecules which have been generated within the ices after extensive chemical
reactions and thermal and energetic processing are released into the gas phase F0HI03104]

A recent review by Arumainayagam et al.#2l detailed these three molecular synthesis mech-
anisms: Reactions (1) in gas-phase, (2) on bare dust grains or (3) in ice mantles.
This work showed that the gas phase chemistry, important in cold (~ 10K) cores, could occur
by as many as nine different reaction mechanisms®? such as : cosmic-ray induced ioniza-

1. optical depth or optical thickness,t, which is a measure of transparency, is defined as the negative of the
natural logarithm of transmission. There is the similarity between the definitions of optical depth (Tt = —logT) and
absorbance (A = —log;, T).
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tion, ion-neutral, neutral-neutral, radiative association, dissociative recombination,
assoctative detachment, photodissociation, photoionization, photodetachment

The neutral-ion reactions was said to be the major chemical processes that produce observed
neutral molecules in space cold regions®!. Kinetic energy of interstellar species being confined
typically from 0.8 (diffuse clouds) to 0.08 k] mol™' (dense clouds) on average, gas-phase reactions
under thermodynamical equilibrium conditions in interstellar clouds should be exoergic or only
slightly endoergic, exhibit little or no entrance barriers, and involve exit barriers which are lower
in energy than the separated reactants. In addition, due to the low density of the interstellar cloud
media, only two-body collisions (binary reactions) are relevant 161

Concerning the grain chemistry, four processes contribute to the composition and evolution of

the observed interstellar ices in molecular cloudsH03:
(1) surface chemistry of species accreted on interstellar grains,

(2) thermal processing of ice mantles driven by nearby newly formed stars,
(3) energetic processing of ices by far-ultraviolet (FUV) photosensor particle bombardment.

Each of them has been claimed to be fundamental in the observational characteristics of interstellar
ice mantles 105107

Complex molecular species that cannot be created via gas reactions are mainly formed via grain
chemistry P Nevertheless, because solid-state reactions often have a barrier, an energy input
(thermal or other) is needed to overcome this barrier. In dense and cold regions where interstellar
ice is formed, the production of complex organic molecules (COMSE[) can be induced by irradiation
by the secondary UV radiation field, by permeating X-rays, or by charged particle bombardment
by electrons or protons (Agﬁndez[lol] and references therein). In star-forming regions, the energy
input can, however, be merely thermal and provided by Young Stellar Objects (YSOs). This
thermal heating affects most of the volume of the material in hot cores and hot corinos, as well as
a large part of the protoplanetary disk. Likewise, cometary ice is heated to a larger depth than UV
photon penetration depths (Agfmdez“o” and references therein).

1. Grain surface chemistry model (surface + bulk) takes into account the different binding

energies of the species on bare or icy surfaces and includes evaporation, photodissociation,
and photodesorptionﬂ processes, which transform surface species either into other surface
species or into gas-phase speciest% . Grain surface chemistry is dominated by hydrogenation
and oxidation reactions of simple species accreted from the gas phase. The CO chemistry is
particularly relevant for the organic reservoir of interstellar ices 203,
The key step in the surface chemistry of CO is hydrogenation to HCO which has an activation
barrier of T000 K and known to occur at low temperatures. The resulting radical HCO will
react on a grain with H to form HQCO“OE’]. Subsequent reaction on grain with H lead to the
formation of CH3OH. The accreted C, N, and O can also lead to the formation of a variety
of complex species such as HCONH,, CH;CH,CO, CH30CHj, etc.

2. Thermal Processing occurs when an ice mantle is heated to a temperature near its sublima-
tion point. In fact, in a mixed molecular ice with components having similar concentrations
but different sublimation temperatures, the evaporation of each component is largely regu-
lated by its own sublimation behavior ™3 and thereafter return into gas phase™%. It has
observed that thermal reactions are not limited by UV or cosmic rays fluxes or the scarcity of
radicals on the surface because they involve only dominant mantle molecules and represent
therefore an important step in the formation of COMs that constitute the primitive material
of comets and asteroids 111,

3. Photolysis is among the energetic processes to which planetary ices are continuously exposed
where UV photons were shown to dominate the processing of ices in the outer layers of the
surface ™2l It has shown that in the outer shell, both non-energetic (atom bombardment)
and energetic (cosmic rays (CR) or induced UV photons) formation routes on grain ices

1. Complex Organic Molecules (COMs) are organic molecules with more than six atoms 23108l

2. The chemical desorption process is the process that releases solid species into the gas phase, in astrochemical

models 109
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can result in the formation of COMs2I3l. The authors have also shown that in translucent

clouds, hot cores, and proto-planetary disks, the energetic processing is much more relevant,

that UV radiation fields are, particularly, much more intense than in dense cold quiescent

regions.
The molecular abundances in the interior regions of dense clouds are controlled by chemical reac-
tions occurring in the gas phase and on grain surfaces but photo-dissociation and photoionization
processes play a lesser role than in diffuse clouds as the penetration of ultraviolet radiation is suf-
ficiently low™ . The detection of HCO™, CCH, N oH", and HNC clearly indicates that a flux of
energy (i.e., the cosmic rays) may exist to maintain chemical disequilibrium in these regions. These
cosmic rays (which are chiefly protons) produce an ionization rate per interstellar atom or molecule
of around 10~"sec™'. Although this ionization rate is very low compared to photo-ionization in
diffuse clouds, it is important in dark clouds™ 4.

The gas-phase molecules and the solid dust grains play a very significant role in controlling
the physics and chemistry. In fact, some molecules are formed on dust grain surfaces and, in
addition to the absorption and scattering of starlight by dust, block starlight passing through
interstellar clouds. Hence, dust extinction is a crucial parameter in modeling the chemistry of
diffuse clouds. Except for the formation of H, which forms primarily on dust grain surfaces,
the limited chemistry in the diffuse interstellar medium is essentially dominated by gas phase
reactions, leading to the production of small molecules (including long-lived radicals such as CN).
The magnetic-field-influenced gravitational collapse of diffuse clouds forms dark, dense molecular
clouds which are aptly known as stellar nurseries. During the warm-up processus (from ~ 10K to
100 K), the synthesis of complex organic molecules could occur via two mechanisms: (1) barrierless
radical-radical reactions following the diffusion of non-thermally formed radicals (when the ice
temperatures exceed ~ 30K,), and (2) purely thermal reactions (e.g., NH; 4+ COy — NH,COOH)
which involve an activation barrier.

2.4 Radiative transitions

2.4.1 Spontaneous emission, absorption and stimulated emission

Consider an absorber X, i.e., any object with energy levels (atoms, ions, molecules, dust
grains, ...). If the absorber is in any level 1, there is a present radiation with photons having an
energy equal to B, — E; , where E; and E, are the upper and lower level energies. The absorber
can absorb a photon and undergo an upward transition: 12

Xi+hv — Xy absorption, (2.2)
where h is Planck’s constant (h = 6.6260693(11) x 1073*].s): hv = E, — E.
@ @
hv hv
ANANANY hv hv

]
(a) Absorption

(b) Spontaneous Emission (c) Stimulated Emission

Figure 2.1 — Absorption, Spontaneous Emission and Stimulated emission.

Let ny be the number density of absorbers X in level 1. The rate per volume at which the
absorbers absorb photons will be proportional to both the density of photons of the appropriate
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energy and the number density n;. Consequently, the rate of change of n; due to photoabsorption
in level 1 is given by:

dn, dny Eu - El
( dt )1%11 < dt >1Hu Pt Y h ( )
—— N—_————

populate the level u depopulate the level 1

where 1, is the radiation energy density per unit frequency, and By is the Finstein B coefficient
for the transition 1 — wu.

In the same way, an absorber X in an excited level u can decay to a lower level 1 with

emission of a photon. This can happen in two ways:

Xoe — Xi1+hv, v=(E,—FE)/h spontaneous emission, (2.4)

Xu+hv — Xy +2hv, v=(E,—FE)/h stimulated emission, (2.5)

Spontaneous emission is a random process, independent of the presence of a radiation field, with a
probability per unit time Ay, i.e., the Einstein A coefficient.

Stimulated emission occurs if photons of the identical frequency, polarization, and direction of
propagation are already present, and the rate of stimulated emission is proportional to the density
of these photons. Thus the total rate of depopulation of level u due to emission of photons is

dny dny
dn (9w — 1y (A + By Uy, 2.6
< dt )u—)l ( dt )u—)l nU( v 1)uV ( )

populate the level 1 depopulate the level u

written as:

where the coefficient By is the Finstein B coefficient for the downward transition u — 1. Through
equations ([2.3) and ([2.6)), we get three coefficients characterizing radiative transitions between the
two levels w and L. Ay, By and By,. The coefficients B,,; and By, are related to A by:

C3
Bu = —A4 2.
L Srhy’ W (2.7)
3
Ju Jgu C
By = —Bu="——-5A4 2.7b
! g T g 8mhd T (2.7b)

where g, and g; are the statistical weights, i.e., the degeneracy factors of the upper and lower
levels, respectively. From the equations (2.7a)) and (2.7b]), we see that the strength of stimulated
emission (By;) and absorption (By,) are both found by A,y and the ratio g./gi.

The intensity of a radiation field is often characterized by a dimensionless quantity, the
photon occupation number n, rather than absorption and stimulated emission in terms of the
radiation energy density uy:

2 2 3

Y C
I, and T, =

= 2.8
2hv3 Y 2hv3 Y 87'ch\/3uV (2:8)

ny =

where the bar denotes averaging over directions. With this definition of Ty in (2.8), Equa-
tions (2.3) and (2.6)can be rewritten as:

dm _ d‘rlu Ju _
— = Al d — =n..—A,1.n,. 2.9
(dt)H neAw(1+7,) , an (dt) A, (2.9)
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2.4.2 Absorption cross section

Let o, (v) be the cross section for absorption of photons of frequency v resulting from the
1 — u transition. Knowing that photon density per unit frequency is just u,/hv and assuming
that u, and hv do not vary appreciably over the line profile of oy, the absorption rate is then

dn u c
(dtu> . =mn J dvom(v)ch—:/ N My J dvo(v) (2.10)
We get thus,
c
Blu = E J dVO'lu(V) (211)
and (using equation (2.7b)
2
Ju €
d\/(ﬁu(\/) = 77Aul. (212)
J gu 8mvi,

Relating then the monochromatic absorption cross section oy, (v) to a normalized line profile ¢

(see section [2.4.4):

Ju c? .
——Audy with dydv =1. (2.13)

on(v) ===
lu( ) 9 87'(\/%11

The frequency dependence of the normalized line profile ¢~ is discussed bellow.

2.4.3 Oscillator strength

Strength of radiative transitions are often characterized by the Einstein A coefficient, Aq;.
Identically, the strength of an absorption transition | — u can be characterized by the oscillator

strength f), defined as:

flu = miezc J ow(v)dv (2.14)
e

The comparison of relations (2.12)) and (2.14]) shows that the Einstein A coefficient for spontaneous
decay is related to the absorption oscillator strength of the upward transition by

8rtelv? 0.6670 cm?%s™!
A = %ﬂﬁu = f&ﬁu. (2.15)
mMeC® gy Ay Ju

The oscillator strength f,,; for a downward transition u — 1 is negative, and is defined by
gqifiu = —gGufur (2.16)

2.4.4 Widths and line profiles

Absorption or emission spectral lines are never strictly monochromatic, but always show
an intensity distribution I(v) around the central frequency vo = (E; — E;)/h corresponding to a
molecular transition with the energy difference AE = E; — E; between upper and lower levels. This
intensity distribution is, in general, due to different mechanisms described below.
On the figure bellow, the function I(v) in the vicinity of vq is the line profile. The frequency interval
dv = |va — vi| between the two frequencies v, and vy verifying the relation I(vy) = I(v2) = I(vp)/2
is called the full-width at half-maximum of the line (FWHM), also said in short, linewidth or
halfwidth of the spectral line.
The natural linewidth of a spectral line is due to the Heisenberg uncertainty principle
According to this principle, there are limits on the accuracy with which two related phys-
ical quantities, such as position and momentum, or energy and time, can be measured:

[I15]
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0.20 L

0.15} n Core AxAp > h (2.17&)

> AEAt > h (2.17b)
2 3l | vy . c .
gow —> where Ax and Ap are respectively, uncertainties
=
= in position and in momentum; AE and At, respec-
The same area . e . . . .
tively, uncertainties in energy and lifetime, with
005} Wings h=h/2m.

&
I1=( vy I« 2
Velocities in kms™

0.00

In general, three mechanisms are responsible to the line profile ¢y :

1. Quantum mechanical uncertainty in the energy E of levels with finites lifetimes which deter-
mines the natural width of a line.

2. Collisional /pressure broadening, where collisions reduce the effective lifetime of a state and
lead to broader lines.

3. Doppler or thermal broadening

2.4.4.1 Natural broadening
From the equation (2.17b)), the relation

AEAt ~h (2.18)

means that the longer the measurement time of the energy the accurate is the result or, conversely,
the shorter the measurement period, the greater the uncertainty in the result value of the energy.
In other words, short-lived states have large uncertainties in the energy. The equation can
be rewritten as

AE 1
AV~ — ~ —— 2.19
h  2nAt’ (2.19)
knowing that AE = E,, — E; = hv. This equation shows that the lifetime At of an electron in an
excited state corresponds to an uncertainty or spread in frequency Av. Thus, a photon emitted in

a transition from a E, level to the ground state E; will have a range of possible frequencies in Av
given by (2.19)). This effect is called natural broadening.

The intrinsic line profile is characterized by a normalized function ¢(v)H2:
A e’
intr :
o™ (v) = frud(v) with J(b(v)dv =1 (2.20)
mecC

The intrinsic line profile of an absorption line is approximated by a Lorentzian or natural
line profile function:

1 Ay 1 Avn/2
) = ! 2.21
Y = SR v v v T R vaP AR 221
so that its linewidth (FWHM) is given by:
intr Yul
(AV)Fwhm = AVN = 5 (2.22)
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with v = damping ratio. Far away from the line center, the function ¢ o« Av—2. In astrophysical
situations, natural linewidth is not directly observed, except in the line wings in low-pressure (neb-
ular) environments, decay being much slower than a gaussian line profile. In fact, other broadening
mechanisms usually dominate it.

2.4.4.2 Collisional and pressure broadening

In dense gas regions, atoms and /or molecules are colliding frequently. These collisions reduce
the lifetime of states further to a value smaller than the quantum mechanical lifetime. Consequently,
if the frequency of collisions is V¢, then one expects to get a collisional linewidth Avigt ~ Veor:

2
1 /47 _ AvVigr /2T (2.23)

O = 16 v =2+ (A7~ (v v + (Bvige/ 2P

where I' = v + 2v¢o1 and Avigy = Av + % Its profile still be a Lorentzian. Collisions
dominate in high density environments.

2.4.4.3 Doppler or thermal broadening

Atoms/molecules in a gas have random motions that depend upon the temperature. For
atoms of mass m, at temperature T, the typical speed is obtained from the equation between the
kinetic and thermal energies:

1
2mv2 =T (2.24)

where kp, is the Boltzmann’s constant. The number of particles (atoms, for example) with a

given velocity is given by Mazwell’s law. Let Vi, Vy and V; be the component of the velocity V:

2
HVH =V2+ Vj + V2. The number of atoms dN within velocity interval dV; (i.e., line of sight in

the x direction) is given by:

mV?2
dN(Vy) o exp <_2kb§'> dVy (2.25)
The distribution law for speeds has extra factor of V?:
2
) . mV
dN(V) o V= exp < Zka> av (2.26)

so that the most probable speed is such that:

2k T , 3k
Vieak = n‘i with  Vims = 1/ (V2) = ‘/Kb (2.27)

Considering then an atom moving with velocity Vi along the line of sight to the observer,
the Doppler shift in frequency is given by:

— V.
Y= Yo _ X (2.28)
Vo Cc
Combine this equation (2.28) with the distribution of velocities (2.26)), one gets:
1 (v —vp)?
= — _ 2.29
R e e (2.29)
so that the Doppler width of the line is:
2k, T
Avp = 28, [ £ (2.30)
c m
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The line profile in this case is a gaussian. When the gas has also large-scale (i.e. not microscopic)
motions due to turbulence, those add to the width, so that:

vo [ 2kpT 12
Avp = 7" < 0 +V§wb> (2.31)

where Vb is @ measure of the turbulent velocity. Doppler/thermal broadening is important in
many situations, e.g. in the spectra of stars; whereas turbulent component only matters when the
temperature is very low/high velocity.

All these mechanisms could contribute simultaneously to the line broadening, but one or another
could dominate on the remaining due to the environmental conditions.
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CHAPTER 3

ELECTRONIC STRUCTURE CALCULATION

3.1 Born-Oppenheimer approximation
The time-dependent Schrodinger equation for a polyatomic system is
.. 0 ~
lha\lf(r, R,t) = HV¥(r,R,t) (3.1)
where the molecular wave function W(r,R,t) depends on the electronic coordinates r, the nuclear

coordinates R in laboratory of space-fized frame and time t. The hamilton operator H in 1) can
be written as:

H=T+V (3.2)
where

R hz N1 N2 hz

T=— > Vi-> Vi 3.3
Ime 2= Vi T2, Ve (3.3a)

i=1 o=1

N2 N1 N2 N2 N1 NI

- Zoc 62 Z ng e

V=— 3.3b
Z Z ATTENT ot + Z Z 4meoRyp Z Z 47’t€o1‘” ( )
a=1 i=1 a=1pB>x i=1 j>i

where 1i, j refer to electrons and «, (3 refer to nuclei. In atomic units, where e = h = m, = 1,
4736 =1 and ap = 1 (with me, the mass of the electron, and ay = 47egh?/(mee?), the Bohr
radlus) the expression ([3.3) becomes:

N2

T:—vaz 1 Ve (3.4a)
N2 NI N2 N2 7 Z'3 N1 N
T s
o i=1 o B>a i og>i Y

Because in equation (3.4) for the hamiltonian operator, the time does not appear explicitly,
a separation of variables according to space and time can be performed. Hence, the molecular wave
function of the system takes the form:

Y(r,R,t) = (r,R) - (t) (3.5)

By substituting equation (3.5 in equation (3.1)), two differential equations are obtained: a time-
independent and a time-dependent equations. The time-independent Schridinger equation for the
spatial wave function has the form:

Hd(r,R) = E®(r,R) (3.6)

where E is the eigenvalue of the hamiltonian operator and P (r, R) its eigenfunction. The obtained
solution for the time-dependent differential equation is:

B(t) = FVR (3.7)
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Let’s now consider a system of axes centered on the center-of-mass (CM) of the molecule. In
this center-of-mass reference, let’s denote by x1,%2, ..., xn1 € R? and X1, X3, ..., Xn2 € R3? the new
electronic and nuclear coordinates, respectively, with N = N1 + N2. In this reference, the CM of
the whole system is given by the position operator:

N2

N1 N2
1
=M < E Xi + E M1X1> ) with Mt = N1+ E M, (3.8)
i i=1

i=1

Physically, this center-of-mass behaves like a free particle. The hamiltonian operator H is therefore
written as:

1
T = —Mv (3.9)

where the first term is the kinetic energy of the center-of-mass Tcm. The second term is the
internal Hamiltonian H and is independent of the center-of-mass variables; it is translationaly
invariant. There are therefore infinitely many possible choices of internal coordinates that are
unitarily equivalent, so that the form of H is not determlned uniquely, but whatever coordinates
can be chosen and H remains the same operator as in The internal hamiltonian can be
made explicitly by referring the particle coordinates to a pomt moving with the system, such as
the center-of-mass itself, the center-of-nuclear-mass or one of the moving particles ™3l The best
choice is to take as origin of reference axes the center-of-nuclear-mass. In this case, there is a
explicit separation between electrons and nuclei indices, contrary to the cases corresponding to
the first two choices. There are then N = (N1 + N2 — 1) translationally invariant coordinates
(X13X2y ey XNTy X715 X2y eeey XN2—1. For T <1< Nl and 1 <j < N2-—1, we have Hi_j] = Mi_] + Mj_],
with X = (Xi,...,XNn2-1) and x = (X1, ..., XN1), SO that

i:l = ﬁN + ﬁel) (310)
given by:
R N1
Hy = — Z 50 VXV (3.11)
i=lj>i Y
and
N 1 M ;M
Hel—_izvil_i ViV
i=1 i=1,j>i
N2—1 N1
Z;
.= _ (3.12)
; ]Z1 X — Xi
N1 N2—1
1 LiZ;
tL et L WX
i=1,j>1 ) i=1,j>1 )

The second term in equation (3.12) would vanish and the equation gets the familiar form as in
equation (3.3). We therefore write the hamiltonian operator as below:

A = To(x) + Ta(X) + Ven (%, X) + Viun (X) + Vee (%) (3.13)

with Te(x) : the kinetic energy operator for electrons; ?N (X) : the kinetic energy operator for nuclei;
VNN (X) : the nuclei-nuclei interaction operator; Ven(x, X) : nuclei-electrons interaction operator;
Vee(x) : the electrons-electrons interaction operator. The equation does not at all contain
the translational part.

From molecular spectroscopy, it has been found that energy levels of the low-lying states, typically,
of small polyatomic molecules an expansion in powers of k?:

Enj & Vi + KBy + K Ep) + .0 (3.14)
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where VT(LO) is the minimum value of the electronic energy which characterizes the molecule at rest,

Effv) is the energy of the nuclear vibrations, and Efv)] contains the rotational energy 24l

After dropping the center-of-mass kinetic energy term, the equation is similar with
.3l However, there is a very fundamental difference between them which arises from the fact that
with the center-of-nuclear-mass chosen as the electronic origin, Hey is independent of the nuclear
momentum operators .

The resolution of the Schrédinger equation associated to the hamiltonian can be sim-
plified by using the so-called Born-Oppenheimer approximation. This method is based on two
assumptions:

1. The nuclei are much heavier than electrons LM‘X > m.) and, consequently, move very slowly
in comparison with the electronic motion: Ty < Te. The electronic part of the Schrédinger
equation may therefore be solved under the condition that the nuclei are motionless. Con-
sequently, the electronic energy may then be determined for many different fixed nuclear
configurations.

By this assumption, the coordinates X do not change with the time for a given nuclear con-
figuration. Consequently, the second term of the right side of the equation vanishes:

= 1
™WX)=—)_ 7 VeV =0 (3.15)
)

2. The nuclear part of the Schrédinger equation is solved by regarding the motion of the nuclei
as taking place in the average potential field created by the fast-moving electrons.

According to the first assumption, the total wave function of a molecule can be broken into its
electronic ®(r, X) and nuclear x-(X) components:

D(x, X) = P (%, X)x(X) (3.16)

~

However, the term corresponding to the nucleus-electron interaction, i.e., VN, prevents a
complete separation. For a given nuclear configuration, X is no longer a variable, but a param-
eter. Take, for example, X = Xeq corresponding to the equilibrium nuclear configuration. The
Schrédinger equation becomes:

[Fle + Viun | @c(%, Xeq) = Ex i, Xeq) (3.17)
with the purely electronic Hamiltonian H, given by:
He = Te(x) + Ven (%, Xeq) + Vee (%) (3.18)
Due to the second hypothesis, the electronic hamiltonian operator including nuclear repulsion is:

]/:lK: e+\7nn(Xeq) (3 19)
:He+\7nn .

> T

so that for this nuclear configuration, the Schrédinger equation becomes:
[Fle + Vi €%, Xeq) = Ex®ilx, Xeq) (3.20)
with the purely electronic hamiltonian H. given by:

ﬁe = ?e(X) + VeN (%, Xeq) + Vee(x) (3.21)

The energy Ei in the equation (3.17) is the electronic energy including internuclear
repulsion. The internuclear distances Xqp in Van(X) (see expression lb are not variables.
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They are fixed at some constant value, X¢q in equations —, for example. There are there-
fore an infinite number of possible nuclear configurations, and for each of them we may solve the
electronic Schrodinger equation and get a set of electronic wave functions and corresponding
electronic energies; each member of the set corresponds to a different molecular electronic
state!®l. The electronic wave functions together with energies depend parametrically on the nu-
clear configuration characterized by P = Pen(qi,qa) and Ex = Exn(q«) (with n representing
the electronic quantum numbers). Moreover, we assume the eigenfunctions 1 form a complete
orthonormal set:

J@’;m@mdq = Sn (3.22)

where d;un =0 if m#n and dypp =1 if m=n.

Considering the second assumption of Born-Oppenheimer, the energy E (X) is used as a
potential energy function to treat the nuclear motion. When the nuclei move, the electronic energy
varies smoothly as a function of the parameters defining the nuclear configuration, and E.(q4)
becomes, in effect, the potential energy for the nuclear motion. The electrons act like a spring
connecting the nuclei, as the internuclear distance changes, the energy stored in the spring changes.
Thus, the Schrédinger equation for nuclear motion is

|:]/:lv + EK(X)} Xiv (%, X) = By Xiv (X) (3~23)

where the wave function X, depends on the nuclear coordinates R and on the electronic state k.
Each electronic state k gives rise to a series of nuclear states, indexed by v. The energy eigenvalue
Exv in is the total energy of the molecule, since the hamiltonian includes operators
for both nuclear energy and electronic energy. Eyvy is simply a number and does not depend on any
coordinates. Remark that for each electronic state for a molecule, we must solve a different nuclear
Schrédinger equation since E¢ differs from state to state.

It has been found that the total energy E. y for an electronic state of a molecule is approx-
imately the sum of electronic, vibrational, and the rotational energies:

EK,V ~ Eelec + Evib + Erot (3~24)

where Egec is such that Egree = Ex(xe).

3.2 Theory of molecular orbitals

It is known, from atomic orbitals theory, that the probability of finding the electron in the

volume drt (for atomic H, for example) is given by ¢2dt, with ¢, a wave function representing
the spatial distribution of the electron. That is, we may have fd)zd”t. Let’s start by a simplest
molecule: Hy.
Understanding then the bonding in Hy, one may understand what is happening when the two atoms
are approaching each other until atomic orbitals interact!®. In fact, when atoms, let’s say A and
B, get close enough to bond, their atomic orbitals reshape themselves and become a set of new
orbitals that no longer belong to any one atom. They are orbitals for the entire molecule and are
called molecular orbitals. The function describing the new electron distribution in the molecule,
i.e., molecular orbital o, is a linear combination of atomic orbitals (LCAOs) da and ¢p:

P =cida +c2dp (3.25)

Assuming the atomic orbitals da and ¢p are normalized, one has:

(€0 + (e2 + 20162 [ Gadndr = g (3.26)
S
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The integral [ badpdrt is called the overlap integral, S, between the two wave functions ¢ and
®p. The two wave functions overlap in the region between the two nuclei. The normilized wave

function is therefore: |
P = (c1pa +c2dB) (3.27)
V(€1)2+ (c2)2 + 2cic3S

and its energy is given by:

E - NZJ(c1¢A+cz¢B)%(c1¢A+cz¢B)dw

() [ daHbadT+ (2)? [ dpHPpdT + 2¢i1cr [ daAFH DpdT
= > 5 (3.28)
(c1)* 4+ (c2)* + 2¢1¢2S
Let HAA = Id)Aj'fd)AdT, HBB = Id)BfHd)BdT and HAB = HBA = fd)Af}fd)BdT. For a given atomic
wave function and a given constant (i.e., constants Haa, Hpp and Hag) which will minimize the
orbital energy E, the calculation of values for ¢; and ¢, is shown in Ballhausen and Gray 8.

For S < 1 (knowing that S = 1 if nucleus 1 and nucleus 2 are together and S = 0 if they are
infinitely separated), the calculation ends up to the two solutions below:

1. The case in which Haa = Hgpg:
— an energy, smaller than Haa = Hgpg, called the bonding solution; and
— an energy, larger than Haa = Hgg, called the energy of the antibonding solution;

and
Node
Iso™ 1sof = 1sq — 1sp E
l,_~ H : H
> ¢¢'¢ \~ :
o0 T . . T -
5 ]s'{l\ ~~~~~ 0"' ]Sb
£ D\ ~“~ ”
H | ~~~ i e H
1s0g 1sog = 1sq + 1sp H \H
T/
Overlap region=region

with large electron density

Figure 3.1 — Bonding and antibonding orbitals in the molecule formed by atom A and B.

The values for ¢; and ¢, are therefore

Hap — ES Han — E
or = e () o e = () (3.29)

Haa — E Hag — ES
with
(Hag — ES)? = (Haa —E)? or (Hag —ES) = £(Haa — E) (3.30)
so that ¢; = —c; and ¢y = ¢1; the two normalized wave functions are then
1 1 .
——— (pa + ) (low energy) and ——— (ba — dp) (high energy). (3.31)

NoEwH VI-3S

These coeflicients for ¢; and ¢, are found in the condition Haa = Hgg, i.e., the symmetry
condition.
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2. The general case, i.e., Haa # Hpp the resolution leads to:

HZ
Har — AB
Ex{ M FonHan (3.32)
Hep + HBBéBAA

meaning that one solution gives an orbital a bit more stable than {5 and the other provides

an orbital a little stable than Vg (see [Figure 3.2)).
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Figure 3.2 — Bonding and antibonding energy levels for Hgg >> Haa .

In the general case, the construction of orbitals in polyatomic molecule is based on linear combi-
nation of atomic orbital (LCAOs) method:

lpn = Z Cnill)i =Cn, d)1 + anll)z + Cn3ll)3 + e (3-33)
i

where ¢s are the valence AOs of the atoms making up the molecules and cn, the weighting coeffi-
cients that showing the number of each AO are in the MO.

Electrons in polyatomic systems (specially s and p electrons) may occupy bonding, anti-
bonding or nonbonding molecular orbitals (MOs) . According to MO notation, bonding electrons
are grouped into o or 7t electrons if their wave functions or charge densities are rotationally sym-
metric with respect to or contain a nodal plane through the valence axis. sigma o bonds are
then formed by s — s overlaps and 2p — 2p (head to head), whereas, pi 7 bonds are formed by
2p orbitals overlaping side-side. Electrons in antibonding orbitals are labelled with asterisks (o*
or 7r*). Similarly, unshared or nonbonding electrons (orbitals on an atom that can’t combine with
any on the other) are called non-bonding (n) electrons. The increasing electronic energy is in the
order: 0 < m<n < o* <" < Rydberg (R) states.

Due to symmetry exclusion, the transitions between o and 7t orbitals are excluded. The
often observed transitions are therefore: 0 — o*, m — 7, n — 7 and n — ¢*. However, the
transitions n — 7 are also symmetry-forbidden, so their bands are very weak.

In general, the conditions for AOs to interact and form MOs are such that AOs that combine
together to form MOs must have: (i) the same symmetry, (ii) similar energy and (iii) spatial
overlap. Moreover, the electrons, in filling orbitals, enter first the lowest orbital available. In
addition, the number of total atomic orbitals corresponds to the number of Molecular orbitals.
This is the conservation of orbital bonding. MO follows also Hund’s rule (electrons spread out over
orbitals of equal energy before pairing up) and Pauli’s exclusion principle (the maximum number
of electrons in an orbital is 2 of opposite spin).

It is known that the energy change due to the transition between two states of energies E,
and En 1 is given by:
AE = E —E = hv = he/A = hev (3.34)
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where v is the frequency of the electromagnetic radiation, c is the speed of light in the vacuum, A
is the wavelength of the radiation, E" and E’ are, respectively, the energies of the upper and lower
states. Electrons can then be promoted from the ground state Sy (it is usually a singlet (S)) to
higher excited electronic states X, T, A, ....

3.3 Variational principle

For a given molecule, the equation (3.6)), with the hamiltonian given by the relation (3.13)),
has many acceptable eigenfunctions ¥, each with a different associated eigenvalue E: {¥;} and {E;}.
These wave functions satisfy the normalization condition, i.e., they are orthonormal:

JJJ\I/j\IJidxdydz = J‘Iij‘lfidr = djj (3.35)
where 63 =0 if 1 #j and &;; = 1 if 1 =j. We then have

J\Ile\I/J dr = JW]El\Pldr = Eiéij (336)

Considering an arbitrary function ® which is an eigenfunction in equation (3.6) and which
is a linear combination of the W;, it can be written:

=3 ¥ (3.37)
i
where, individual ¥; and c; are unknown. Due to the normalization condition, we have:
J(I)Zdr =1= JZ Ci\Ifi Z Cj\I/de' = Z CiGy J‘I/i\l’j dr = Z C1Cj61j = Z C% (3.38)
i j ij ij i

Evaluating the energy associated with the wave function ®, we have:

J@j‘f@dr = J <Z Ci\I/i> H Z Cj\I/j dr = Z CiCj J\Pi%\lfj dr = Z CiC]'Ejéij
i j ij ij
= ) ¢E (3.39)
i

Unfortunately, we still don’t know the value of any of the quantities ®, ¥;, ¢; and, additionally,
that of E;. However, it is known that there must be a lowest energy value. Let us call that energy
"energy of the ground state", Ey. Combining then equations (3.38]) and (3.39), we can write:

J@%@dr—EOJQJZdr = ¢f (B —Eo) (3.40)

Assuming the coefficients to be real, ci2 > 0. By definition of E,, we have also (E; — Eg) > 0. We
have thus:

JCI)CH(I)dr —E J d?dr >0 (3.41)
which may be rearranged to give:
| @HPdr
= ——— >E 3.42
[o%far —° (3.42)

Knowing that the wave functions ®are normalized, the denominator is given by f@zdr =1, so
that:

J dHPdr > Eq (3.43)
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From the equation , it can be deduced that looking for the best wave function to define
the ground state of a system, find the optimal of such wave function by minimizing
the expectation energy with the true Hamiltonian with respect to any free parameters.
Lower expectation energies always indicate better solutions. In other words, any approxi-
mate wave function is associated with an energy, which lies above or equals the exact energy, the
equality holding only for the exact wave function.

3.4 ab initio methods

3.4.1 Hartree-Fock approximation

Hartree-Fock theory was developed to solve the electronic Schrédinger equation that results
from the time-independent Schrédinger equation after Born-Oppenheimer approximation. Rewrit-

ing the equation (3.17) combined with (3.18)), we get:

o~ ~ ~

[Te(r) + Ven (1) + Vee 1) + Van| (1, R) = Ea®(r, R) (3.44)

where E¢ are the energy eigenvalues and ®(r,R) the corresponding eigenstates, or wave functions,
or orbitals, which must be antisymmetric with respect to exchange of electronic coordinates in r
and symmetric or antisymmetric with respect to exchange of nuclear variables in R. In equation
, r et R are electronic and nuclear coordinates , respectively, in the center-of-mass of the
molecule, i.e., they are the same as the x and X coordinates in the section [3.1}

In the expression ([3.44)), Eci(R) gives the potential energy surface (PES) from which some molecu-
lar properties, such as the equilibrium geometry and vibrational frequencies, etc, could be gotten .
In fact, the solution of VE¢ (R) = 0, i.e, the stationary problem, gives the optimized geome-
tryll. The electronic wave function ®(r,R)=®(r,Rop) (R = Rop being a constant for the optimized
geometry or a parameter but not a variable) contains many useful information about molecular
properties such as dipole (and multipole) moments, polarizability, etc®l. The electron-electron
interaction term, i.e., Vee(r, Rop), is a pair interaction and acts on pairs of electrons.

In the following, we will use, instead spatial coordinates r, space-spin coordinates (x;), i.e., beside
the three spatial degrees of freedom, there is also an intrinsic spin coordinate, which we will call
o or . Spin coordinate (either & or () is replaced by a generic spin coordinate w, and the set of
space-spin coordinates x = {r, w} including space and spin coordinates. The notation for orbitals is
changed from ® (1, Ryp ), a spatial orbital, to y(x), a spin orbital such that y(x)=¢(r)a(w)
(i.e., the product of a spatial orbital and an electron spin eigenfunction). The wave function
® becomes then:

N
O(x1,x2,.xn) = [ [ (xi) = x0xa)y(x2) -y (xn) (3.45)

i=1

However, the approximation has one major shortcoming: it fails to satisfy the an-
tisymmetry principle, which states that a wave function describing fermions should be
antisymmetric with respect to the interchange of any set of space-spin coordinates. The HF
approximation allows to resolve this issue by using an antisymmetrized many-electron
wave function in the form of Slater determinant:

Y (x1) ¥ (x1) Y (X1)

X (x2)  x,(x2) Y (X2)
¢HF(X1,XZ,...,XN)=¢% o j (3.46)

¥ (xn) xz(;cN) Y (XN)



The expression (3.46]) ensures that the wave function changes sign when exchanging the
coordinates of two of the electrons. The factor 1/4/N! ensures the normalization. The wave

function of the form (3.46|) introduces a particle exchange and is called Hartree-Fock (HF)
or self-consistent field (SCF). Hartree-Fock one-electron orbitals are not only normalized,

but also mutually orthogonal: <Xi X].> = 0y, 1,7 =1,2,....,N. In a two-electron system,
the expression ([3.46|) is rewritten as:

b ) ()
Q)HF(XhXZ) - \/z (X:(Xz) XE(X2)> (347)

From this expression, if one tries to put two electrons in the same orbital at the same time,
ie., if y1=y2, Pur(x1,x2)=0. This condition corresponds to the the exclusion principle
of Pauli, which is a consequence of the antisymmetry principle. The equation ((3.47)) could
be written in the form:

By — L(%(Uaﬂ) cpbu)a(n)
M= 2 \9.2)a(2) 4, (2)2(2)

= \lfz [9a (D1, (2)(2) — ,(2)ex(2)p, (1)x(1)] (3.48)

The discussion of one-electron and two-electron contributions to the energy found when the
expression 1' is introduced in the expression for energy is made in book of Kohanoffl.

The Hartree-Fock energy is then written as:

N N N

Enp = Z1 B + % Z] ]Z] (Ji5 — Ki) + Van,s (3.49)
where Ei; is the one-electron contribution to the energy in Hartre self-consistent field
(HSCF) approximation given by: E(V) Zl oM (N, (Mdey = ZF:] Ei; Ji and
Ky are respectively, the Coulomb integrals of the Hartree method given by Ji = E]Zl)m =
I (@) 2(4,3)y; (W, (G)day dx] and the terms of the second class, called exchange
1ntegrals, and written as Ky = F_ijijji = [ [ i@y G)va(k, Uy, Gy, (1) deide;

The expression (3.49)), in terms of the elgenvalues of the Fock operator

—Eu+Z Js — Ky), (3.50)

becomes:
N N

1
EHF Z € — z Z Z Il] 1] nn, (351)

i=1 j=1

For closed shell systems, i.e., with even number of electrons and therefore with equal
numbers for each projection, the two spin orbitals with the same orbital part and different
spin part contribute with the same energy. The coulomb contribution to the energy is

ZN/ 2 ZN/ : Jij- The factor two arises due to that there are four equal contributions in the
double sum: (1 7,5 T), A T,5 1), 1 1,5 T), (i L,j 1). This argument holds also for the
exchange term, but for this case, integrals with the same projection are excluded and then
only two terms are surviving: (1 T, j |) and (i |, j T). Consequently, for closed shell systems,
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the Hartree-Fock energy can be written as:

N/2

NN
By = ZZEii+%ZZ(ZJij_Kij)+Vnn

= Z (ei + Eii) + Vi, (3.52)

Unlike Hartree approach, the Hartree-Fock approximation takes into account the non-
locality. The HF approximation limitation is that many-body wave function (see Ref.M) is
not often well-represented by a single Slater determinant. The main missing component is
the electronic correlation, i.e., the HF takes into account the average effect of electron
repulsion, but not the explicit electron-electron interaction®®. The electron-correlation
problem, i.e., the manner the dynamics of each electron is affected by the others, has been
found to be the single largest source of error in quantum chemical computations™H.

Due to the central field approximation, the energies from HF calculations are always greater
than the exact energy and tend to a limiting value called the Hartree-Fock limit when the
basis set is improved 19,

3.4.2 Post-Hartree-Fock methods

The important limitation of Hartree-Fock methods is the absence of the electron
correlation due to the fact that the interactions between electrons are treated in an average
way (see the section (3.4.1])). It has been reported that the HF wave function accounts for
~ 99% of the total energy E.y, so that the difference Ey,; — Eyr is called the correlation
energy. The Post-Hartree-Fock methods were developed in the aim at improving the
used many-electron wave function. In these methods, the electron correlation (e.i., how the
dynamics of each electron is affected by the others) is corrected in different ways depending
on the methods used. There are then methods®:

i) that use the combinations of several Slater determinants as static (and dynamic) cor-
relations,
ii) that introduce correlation perturbatively above the HF solution, and
iii) that are based on correlated wave functions.

The static correlation arises from the near degeneracies in valence or active orbitals and is
associated with the multireference nature of the system, whilst the dynamical correlation
arises from non-valence or external orbitals?. In other words, while the static correlation
corresponds to configurations which are nearly degenerate with respect to the reference
Slater determinant, the dynamical correlation arises from the mixing of Hartree-Fock state
with higher-order excited states™!. The static correlation corresponds then to correction of
deficiencies arising from the use of the single-reference approrimation, i.e., the use of a single
slater determinant in representing the state of a system. Recalling that the Hartree-Fock
approximation relies on single-reference approximation in addition to the two assumptions
in Born-Oppenheimer approximation.

The HF wave function is the best single-determinant that can be constructed. Any approach
aiming at introducing correlation is likely to take as starting point the HF wave function.
The best strategy is to introduce a small number of determinants that produce a large
impact at the energy level.
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Considering then a multi-determinant wave function for an N-electrons system, it is
possible to construct a linear combination of a finite number ND of Slater determinants:

ND
(I)(X], ...,XN) = COqDO(X], ...,XN) + Z Ciq)i(X], ceny XN), (353)
i=1

where ®y =&y is the HF solution for the electronic ground state. ®, corresponds then to
the N electrons occupying the energically lowest N spin orbitals {cpi(r), i=1,.., N}, ie.,
the N/2 lowest spacial orbitals, each one occupied by a spin up and a spin down electron
for closed shell systems. @®; are other determinants corresponding to excited states. In
this correction, the larger ND is, the better is correlation introduced. In other words,
®; correspond to the determinants in which one (or 2 or 3,...) electron has (have) been
promoted from any of the occupied states to any of the unoccupied states. If one electron
is promoted, the determinant is said single excitation or simply single and denoted by
S. Likewise, determinants in which two electrons have been promoted from occupied to
empty one-electron orbitals are called double (D), if three electrons are promoted, the
determinant is called a triple (T) and when four are promoted, it is called quadruple

(Q), ete.

3.4.2.1 Confuguration interaction (CI)

This method consists in introducing in the expansion the Slater determinants
constracted with the occupied and unoccupied one-electron orbitals of the HF Hamiltonian.
The expansion coefficients C; are optimized to minimaze the total energy. The CI wave
function in terms of singles, doubles, triples, etc, is:

Ocp = CoPrr+ ) Cid) + ) CPOP + Y Clo] + ... (3.54)

i=1 i=1 i=1

The problem consists then in finding the set of coefficients C; that makes the energy:

ECI = J J q)éI(X] y eeey XN )j'\fq)CI(X1 y eeey XN)dX1 ...dXN (355)
minimal. ®¢; are normalized: Y ., C} = 1. The coefficients C; are determined by a
variational optimization of the expectation value of the electronic energy M
<C]J:C\ C>
Ecr = min — HC =EC 3.56
CI C <C| C> CI ( )

where H is the Hamiltonian matrix with elements given by Hij = <1|j-\(‘] and C is the

matrix containing the expansion coefficients C;. The method in which all available deter-
minants are included in the calculation is said full CI'™). Due to the expensive cost (in
computing time) of this last, most common CI methods correspond to those in which ex-
pansion is truncated at some levels of excitations. There are then CISD method for which
the truncation in expansion is done at level of doubles, CISDT which includes triples, the
highest practically used being that includes qadruples (CISDTQ). This latter is quite close
to full CI and is very expensive.
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3.4.2.2 Multi-configurational methods: MCSCF and MRCI

To overcome the limitation of constructing the determinants in the CI expansion with
fixed HF one-electron eigenstates, the determinants are allowed to be variationally optimized
together with the expansion coefficients. The method used is called Multi-configuration
self-consistent field (MCSCF). No advantage over standard CI, except in the case of
wave functions that require singly instead of doubly occupied spin orbitals for which the HF
solution is qualitatively incorrect.

The number of configurations to include in optimization procedure is easy, but the big
problem is how to choose these configurations. A robust approach is the complete active
space self-configuration field (CASSCF) in which the selection of configurations is
done by dividing the one-electron orbitals into active and inactive spaces. Orbitals in active
space, i.e., a fraction of highest-lying occupied states such those occupied by the valence
electrons, are used to construct all possible configurations by allowing excitations to a few
low-lying unoccupied orbitals. The determinants corresponding to these configurations are
then together with the expansion coefficients variationally optimized.

A multi-configuration wave function with optimized orbitals and occupancies, i.e., a wave
function in which the electronic excitations of all the determinants have to be included,
can be used as a reference for a CI calculation. These methods are called multi-reference
configuration interaction (MRCI). In these methods, the cost of the calculation is
increased by a factor equal to the number of configurations.

3.4.2.3 Perturbative methods

According to the perturbation theory, the full Hamiltonian of a system is expressed as
the sum of a reference Hamiltonian (Hj), i.e., the unperturbed electronic Hamiltonian and
a series of (time-independent) perturbations, e.g. Py, P,, for linear and quadratic operators:

j'\f = j'\fo + 7\'3\)1 + }\z'jsz, (357)
where A determines the strength. The exact solution of the Schrodinger equation is

Hod® =% i=0,1,2,....,00 (3.58)

where Cbi(o) are the unperturbed eigenstates and E? the corresponding energies. The full
Schrodinger equation is given by:

Hd; = Ed;, 1=0,1,2,....,00 (3.59)
where the eigenstates and eigenvalues, expanded in powers of A are, respectively, given by:
o =0 + A0 £ A20P + . and E; =E” + A+ NEP + ... (3.60)

with the first order correction to the energy, i.e., the expectation value of the perturbation
in the unperturbed eigenstates is:

BV =< 0|7 |0l” >, (3.61)
and the first order correction to the eigenfunctions is obtained as:

0. |50
<& |Pr|®; >
o) = ] L (3.62)
t (0) (0)
j# B — EJ’
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The second order correction to the energy is

< ) |P1|2)" >< ) |71 | Dy >

E(()O) _ E]gO)

B =< oD@y >+ > (3.63)

j#0

Among these methods, there is:

— The Mgller-Presset theory for which the (linear term of) perturbation to the un-
perturbed electronic Hamiltonian is:

Py = % > i) - Y (35— %Ky). (3.64)
i# ij

This theory is called the Mgller-Plesset (MP) perturbation theory™. The first
order energy is given by:

N N
1 1
EMP1 — E](\(/)[)P + E;(\l[)p] — E € + Evee - Vee — E € — zvee — EHF (365)
i=1 S i=1

Perturbation
Unperturbed energies

with Ve, = <q>£’ P 4 ﬁz(i,j)’®£> = electronic energy, i.e., expectation value for the

two body Coulomb operator in <I>](<O). The first correction correspond to the second

order (MP2) and the first energy correction is:

~ .. 2
<<1>§j” P, |<1>‘k—””> ‘
(0) ij
E.—E

ND Noce

Eg\i)P - Z

p<v=Ngcc+1 i<j=1

, (3.66)

where electrons in the unperturbed many-body state k occupying the orbital 1 and j
are promoted to the empty orbitals p and v. The sum

Empz = E\p + ENp +E\0 (3.67)
E
MP

is known as MP2 energy. The MP2 approximation consists then of stopping the
perturbative expansion for the energy to the level 2 while the correction for the wave
function is stopping at first order.

There are also high orders in perturbation expansion such as MP3 whose energy is
found using the first order corrected wave functions, MP4, etc.

— The Coupled clusters (CC) is another method of correcting the problem of electron
correlation introduced in HF approximation by using the infinite-order perturbation
theory 3. This method consists of including an infinite number of terms of a certain
class and discarding all other terms of other type in the quantum many-body per-
turbation expansion 18 To do so, it uses a non-linear parametrization of the wave
function, i.e., an exponential ansatz of cluster operators for the many-electron wave
function™¥  given by as:

~ ~ T? T3
bec = e'dy = L TR TR I (3.68)
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where ®y= Py is a single Slater determinant constructed from the HF one-electron
orbitals that best approximates the ground state energy of a many-electron system.
T=T+T,+..+ Ty is an operator acting on HF wave function to generate all the
excited Slater determinants up to a certain order. The first term is:

NOCC

Z Dty (3.69)

u=Nocc+1 i=1

whereas the second term:

NOCC

ND
Lo = Y ) e, (3.70)

p<v=Nocc+1 i<j=1

includes double excitations, etc. If T= Tz, the coupled cluster wave function is limited
to connected double excitations (CCD), if T = T1 + Tz, it is referred to coupled cluster
singles and doubles (CCSD) approximation, if T= T1 + Tz + T3, is referred to singles,
doubles and triples (CCSDT) approximation and if T = T1 + Tz + T3 + T4 termed
as singles, doubles, triples and quadruples (CCSDTQ) approximation. However, the
inclusion of the inclusion of higher-than-doubly excited clusters, such as the triexcited
and quadruply excited T3 and T4 components, is very expenswe“gl This problem has
been circumvented, for instance, by the use of perturbative approximations for the
wave function™ which results in combining the coupled cluster singles and doubles
and a perturbative triple to yield CCSD(T) method or the combination of the coupled
cluster singles, doubles and triples and a perturbative quadruple to give the CCSDT(Q)
methods.

3.4.3 Density functional theory (DFT)

Unlike the HF and post-HF, which are wave function based methods, the central
quantity in DFT is the electron density. Regardless the number of electrons in a system,
the density is always 3 dimensional. Thus, an important advantage of electron density
over the wave function is the reduced dimensionality, allowing to be applied to much larger
systems. The electron density is defined as the integral over the spin coordinates of all
electrons and over all but one of the spatial variables (z=r,s) 2.

p(’l“) =N J J |(I)(1131, Ly eeeny $N)|2d81 dJI] d$2...$N (371)

where o(r) determines the probability of finding any of the N electrons within a volume
element x. It is an observable, which can be measured experimentally, and is such that:

o(r— 00) =0 (3.72a)
Jp(r)dr =N (3.72b)

Thus, in DFT method, the molecular energy is then determined from the electron density
o(x,Y,z) rather from a wave function, which is the central quantity in HF and post-HF
methods!!. Likewise, in DFT, the interest quantity is a functional whereas it is a function
in HF and post-HF methods. A functional maps a function into a number. The area
under a curve is functional of the function that defines the curve between two points. In
other words, whereas a function takes a value of a variable or variables and defines a single
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number from those variables, a functional takes a function and defines a single number from
the function?. The DFT is based on two fundamental mathematical theorems (see section
3.4.3.1) demonstrated by Kohn & HohenbergP¥ and the set of equations by Kohn & Sham
(section 3.4.3.2).

3.4.3.1 The Hohenberg-Kohn theorem

Theorem 1: The external potential vext('r)ﬂ is (to within a constant) a unique functional of
p(r), since, in turn Ve (r) fires H, the full many particle ground state is a unique functional

of p(r) 4.

The proof for this theorem can be found in the work by Hohenberg and Kohn3. Given
then a ground-state wave function ¢for a given potential Ve (r) is a functional of p,
i.e., ¢[p], Hohnberg and Kohn defined the universal functional density:

Flp) =< ®[p]|T + Uee|®[p] > (3.73)

and the total electronic energy functional:

Elo] = Flo + Jvm(r)p(r)dr (3.74)

so that the ground state energy (Ey), can be calculated from the variational principle 21

po(x,y,z) — Ey = Eo = Flpol = Elpo] (3.75)
where 20 L
Flp] = min <<I>‘T 4 Vee

d—p

<I>> , (3.76)

or, in other words, the ground state electronic energy is!:

E, = min< (I)‘T+ﬂee+\7ne‘(1) >
4

= minmin < [T + Ue + Vie|® >
p P—p

— min ;nin<<1>ﬁ+ﬁee|<1>>+J@(r)p(r)dr
P —pP

= min {F[p] + Jvext(r)p(r)dr} (3.77)
P
with the minimum taken over all ® that give the density p.

Theorem 2: Any trial electron density function will give an energy higher than (or equal
to, if it were exactly the true electron density function) the true ground state energy:

Eulol = Jvext(r)p(r)dr +Flo] > E, (3.78)

where E, is the variational energy which is a functional of the density. This means that
®[p] is the ground state of a potential with p as its ground state density so that Eq = E, [po]
verifying By < E,[p] for any p # po, is the ground state energy. The proof is found in
Kohanoff Hohenberg and Kohn [23].

1. By External potential, one wants to say the nuclear potential, as the nuclei are external if one concentrates
his attention on the electrons 1.
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3.4.3.2 Kohn-Sham (KS) equations

The most and fundamental difficult in DFT is the direct approximation of the univer-
sal functional F[p]®9. In 1960s, Kohn and Sham®8 proposed to decompose the functional
Flp] into two terms:

Flp] = Tlp] + Enyce [p]. (3.79)

The first term in (3.79), Ts[pl, is the non-interacting kinetic-energy functional, whereas
the second term, Ep,., is called the Hartree exchange-correlation functional. The
kinetic-energy functional for a non-interacting electrons system is defined as®:

Tilp] = min < ®|T|® >=< ®[p]|T|®[p] > (3.80)

d—p
where ®— p indicates that the minimization is performed over normalized single-
determinant wave functions ® which yield the density p = pT+ plP2?. The minimizing

single-determinant wave function, denoted by ®[p], is called the KS wave function.
The Hartree exchange-correlation functional Ey, . [p] can be written as

Etiyo [Pl = Enlpl + Exclpl, (3.81)

with Ey[p], the Hartree functional given by:

o 1 p(r1)p(r2)
Enlp] = z JJ ‘1'1——1‘2|dr] dr,, (3‘82)

which represents the classical electrostatic repulsion energy for the charge distribution p(r),
and Exc[p], the exchange-correlation energy functional to approximate. For a system of
electronic density p(r), which is slowly varying, this expression can be given by 2320l

Eﬂcm]szhkmiphﬂdr (3.83)

where exc(p) is the exchange and correlation per electron of a uniform electron gas of
density p. However, in general case, this functional is decomposed into the exchange energy
functional Ex and the correlation energy functional Ec:

Exclol = Exlp] + Eclp] (3.84)
where R
Ex[p] =< @[p]|Uee|P[p] >, (3.85)
and
Eclp] =< W[p]|T + Uee|¥[p] > — < ®[p]|T + Uee|®[p] >= T[p] + U[p]. (3.86)
where R R
T[p] =< Wpl|T|¥[p] > — < ®[p]|T|®[p] >
and

Ucp] =< W[p]|Uee|Wlp] > — < D[p]|Uee|®[p] >

are, respectively, the kinetic and potential contributions. Recalling that ® is single deter-
minant wave function and ¥ a many-body wave function. The single determinant & is
constructed from a set of N orthonormal occupied spin-orbitals \;(x);_; , defined as
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Pi(x) = ¢di(r)Xs, (0), where ¢i(r) is a spatial orbital and x4 (0) = 8s,,¢ is a spin func-
tion.
The total electronic energy, in terms of orbitals, is rewritten as:

N
Elfo = 3 [010) (=577 4 vol) ) dulr)ae + B o (387

i=1

and the density as:
N
p(r) =Y [di(r)]” (3.88)
i=1

The minimization over orbitals {¢;} keeping the orbitals orthonormalized is achieved using

the Lagrangian:
N

el = el = 3 ([ oit0mar—1) (3.89)

i=1
where g; is the Lagrange multiplier associated with the normalization of ¢;(r). The La-
grangian must be stationary with respect to the variations of the orbitals ¢;(r):
0L
5 (r)

Using the chain rule for a functional F[f] of a function f(x) for a functional F[f] of a function
flgl(x):

=0 (3.90)

OF[f] of OF OF &f(x')
OF[f] = ——d d = dx’ 3.91
] of ox v A 5g(x) Jéf(x’) 5g(x) % (3.91)
we find for the functional derivative of the Lagrangian:
5L 1 OE iy [P]
0= = ——Vz —I—vne(r)) (I)i(l‘) + — X = — sicbi(r) 3.92
s~ (2 50 1) (392)
The calculation of 5;?}&%‘)} using the chain rule results in:
dEny.[p] JZSEHXC [p] dp(r’) _,
= d = i .
5p:(r) ) op(r) sy T e O] (3:99)

where 8p(r’) /0 (r) = ¢i(r)d(r —r’) has been used. vy, (r) is the Hartree-exchange-
correlation potential. One ends up then at the KS equations:

1
(=372 4 v v 1)) ) = i) (3.94)
where the orbitals ¢;(r) are called the KS orbitals and ¢; are the KS orbital energies.

3.4.3.3 Hybrid density functional theory

Hybrid schemes combining elements of the HF method and of the KS procedure of
DFT have become very popular to calculate the molecular properties8!. Hybrid approach
was introduced by Becke 2! with the aim of exploiting the obvious strengths of each partner.
In fact, the HF—KS hybrid schemes should be used in order to improve the approximations
for the pertinent correlation functionals¥. Local density functionals for E¢ cannot repair
the fundamental defects of the Hartree-Fock approximation in molecular bonds, and conse-
quently, even though local E¢ functionals model short-range features such as interelectronic
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cusps, they cannot simulate multiconfiguration mixing 231 Density-functional theory em-
ploying the local-density approximation (LDA), either in an all-electron formalism P23 or
using the pseudopotential plane-wave approachB#36 has been used in the literature beside
HF approximation theory®?. The introduction of the generalized gradient approximation
(GGA) in density-functional theory calculations is used as improvement over the LDA in
the computation of a substantial amount of molecular properties®7.

The starting point in this hybridization theory, has been the adiabatic connection

formula introduced by Becke?¥ who showed that the exchange-correlation can be expressed
by 274291,
1

B = 5 (Ex + EXG1) (3.95)

where Ey is the exact exchange energy and DFA, a density functional approximation that
uses the local spin density (LSD) approximation for Ex + ER¥3_;. The A = 0 corresponds

to the KS noninteracting system, i.e., to the KS exchange-correlation.

Furthermore, the exchange-correlation for a three-parameter hybrid is written as27%38l;

EXY = EX® + ao(Ex — EXP) + ax(ESSN — EFP) + ac (EESN — EEP) (3.96)

where ap = 0.20, ax = 0.72, and ac = 0.81. EZE* = [&rf(p T,p L, Vo, Vpy) is a
generalized gradient approximation, and EP = deTf (p T,p 1,0,0) is its local spin den-
sity (LSD). There exist also the hybrid meta-generalized gradient approximations (mG-
GAs):MO0O6L, M06, M06-2X and M06-HF. The General formula for hybrid meta-generalized

gradient approximation is:

X X

where EYT is the nonlocal Hartree-Fock (HF) exchange energy, X is the percentage of Hartree-
Fock exchange in the hybrid functional, EXTT is the local DFT exchange energy, and ER™T is
the local DF'T correlation energy. Fach of the above listed functionals has a different amount
of exact exchange: M06-L which is fully local has no HF exchange and cannot be therefore
considered as hybrid, M06 has 27% HF exchange, M06-2X 54% and MO06-HF 100%. This
is, for example, the double-hybrid DFT (B2PLYP) B

3.4.4 Gaussian-n (G, ) theory

The Gaussian-n theories (G,,)#¥# are methods developed with the goal of approach-
ing exact molecular energies using a set of calculations based mainly on ab initio molecular
orbital theory with different levels of accuracy and basis sets®. A composite approach,
wherein a very high-level correlation method [such as quadratic configuration interaction
theory (QCISD)(T) and coupled cluster theory (CCSD)(T)| based on a moderate-sized ba-
sis set (e.g., 6-31G(d)) combined with energies from lower level calculations (such as MP4
and MP2) with much larger basis sets is used in these methods, in addition to the higher
level correction (HLC) to estimate the energy®. Reduced versions for G, theories are
also used with the aim a either reducing the computational expense of the calculations
le.g., with reduced order perturbation theory that uses Mgller-Plesset perturbation theory:
G2(MP2)H8 G3(MP2)B1 G4(MP2) B4, or replacing the QCISD(T) which is not available
in the quantum chemistry codes used by some research groups or which is used for some
theoretical reasons ( as, often, there is no improvement with respect to QCISD(T) energy)
or used for occasional cases where the QCISD(T) method yields a poor energy¥7. Another
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G; theory variant, G3//B3LYP or G3B3, using B3LYP density functional theory [B3LYP /6-
31G(d)] for the geometries and zero-point energies calculations was introduced by Baboul
et al. B8l In fact, for 299 energies assessed using G3B3, these authors found that this level of
theory presents an average absolute deviation from experiment of 0.99 kcal/mol, compared
to 1.01 kcal/mol for G3 theory. The improvement was, especially, observed for some cases
where MP2 theory is deficient for geometries.

Beside the Gn theories, there are Complete basis set (CBS) methods of Petersson and
coworkers for computing very accurate energies #BIBI03 anq their modified versions such
as the CBS-4 [HF /3-21G(d) for geometries and frequencies|, the complete basis set-quadratic
Becke 3 (CBS-QB3) [B3LYP/6-311G(2d,d,p) for geometries and frequencies|, the com-
plete basis set-quadratic configuration interaction, incorporates atomic pair natural orbital
(APNO) basis sets (CBS-QCI/APNO) [QCISD/6-311G(d,p) for geometries and frequen-

cies| B9l

3.4.5 Basis sets

A basis set is, commonly, a collection of vectors which defines a space in which a
problem is solved. In quantum chemistry, a basis set denotes a set of (nonorthogonal)
one-particle functions used to build molecular orbitalsP™7. A central technique is the
molecular orbitals (MO) approach, where MOs are expressed as a linear combination
of atomic orbitals (LCAQO), i.e., the wave function parameterized in terms of Slater
determinants composed of one-electron orbitals, each one being a product of a spatial and
a spin function®®9 In fact, on computer, the calculation of the mathematical form of the
MOs is impossible, and the problem is rather reduced to the calculation of MO expansion
coefficients in terms of the Atomic orbital (AO) basis functions® i.e., the basis sets:

Ngr

1l)(l°) = Z G(x(r)c(xi (398)
o=1

where (r) are molecular (spatial) orbital, G4(r), a (fixed) basis function and C,; a coeffi-
cient. A wide variety of functions were used in the literature to expand MOs. These include
Slater functions, Gaussian functions, plane waves, wavelets, numerical basis functions, etc 6%

3.4.5.1 Slater type functions

For hydrogene-like systems, Slater functions or Slater-Type Orbitals (STOs(i.e.,
one-electron like hydrogen AQOs) are very suitable for expanding MOs because they have
the correct shape near the nucleus but also afar from the nucleus as they decay like e™*.
Cartesian STOs can be written in the form P76

i;on(x, y,z) = Nxkymzhe @ (3.99)

where N is a normalization constant; k, m and n control the angular momentum L =
k +m + n. The parameter ( controls the width of the orbital, i.e., large ( gives tight
function, whereas small C yields diffuse function. In spherical polar coordinates, STOs are

defined as

(%, 1,2) = Nr™ e Y, (6, ¢) (3.100)

with 1 and m are angular momentum quantum numbers. STQO’s are more accurate and have
correct short- and long-range behavior. However, the cusp at the nucleus is only correct
for particular linear combinations of Slater orbitals, but also it takes longer to compute
integrals using them P61,
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3.4.5.2 Gaussian type functions

The 1s orbital of the H atom, e ", gives rise to difficult integrals. In order to
circumvent this issue, Gaussian-Type Orbitals (GTOs) are used, even for the Ts.

Cartesian Gaussian orbitals are defined as

ST9(x y,z) = kaymz“e’a2 (3.101)

kmn

The linear combinations of these can again be used to form spherical polynomials of definite
angular momentum. ,
&1, 0,¢) = Nr'" 2 le (3.102)

nlm

In quantum chemistry, a single Gaussian function is called a primitive Gaussian func-
tion, or primitive GTO (Gaussian Type Orbital). Spherical and Cartesian functions
are the same for up to l =1 (p-functions) but differ for 1 = 2 or higher. One basis function
(STO, GTO or CGTO) for each AO in the atom is referred to as minimal basis set.

In practice, a linear combination of n primitive GTO’s are used to mimic a STO’s. They are
called Contracted Gaussians (CGs) . They then attempt to approximate Slater-type
orbitals (STOs) by n primitive Gaussians. The simplest kinds of these are referred to as
STO-nG (STO-1G,STO-2G, STO-3G). The STO-nG basis set were found unsatisfactory
due to the fact that they only include one CG per atomic orbital. The valence electrons
play an important role in the bonding process. The use of more than one CG per valence
electron allow improving the basis sets. Basis sets of this kind are called split valence
basis sets as the description of valence orbitals are split into two or more basis functions:
e.g, DZ (double zeta), TZ (triple zeta), QZ (quadruple zeta). This is achieved by adding
one CG per core atomic orbital and more than one for the valence atomic orbitals.

The small split valence basis set and the most economical one is the 3-2G basis set. In
this basis set, the non-valence electrons are described by single basis functions composed of
3 CG; each valence electron is described by two basis functions: the first of these basis
functions is composed of two primitive GTOs while the second consists of a single uncon-
tracted primitive GTO. In John Pople notation, the split valence basis sets are written as
X —YZgl2 where X represents the number of primitive gaussians comprising each core
atomic orbital basis functions, Y and Z indicate that the valence orbitals are formed by two
basis functions, the first one composed of a linear combination of Y primitive GTO, the
other composed of a linear combination of Z primitive GTOs. In general, two numbers
after the hyphens implies that this basis set is a split-valence double-zeta basis set;
three, four numbers, ..., such as X — YZWg, X — YZWVg, etc, imply a split-valence
triple-, quadruple-zeta basis sets, etc.

Moreover, increasing the number of CGs per atomic orbital does not also guarantee the
good quality of the basis set. Thus, other types of CGs need to be included:

— Polarisation functions in order to enhance the flexibility of atoms to form chemical
bonds in any direction and hence improve calculated molecular structures are included.
This is done by using the CGs of angular momentum higher than in the valence orbitals
of each atom.
e.g.: 3-21G*, 6-31G*, 6-31G**, DVP, TZP, cc-pVDZ, cc-pVTZ
— (CGs which extend further from the nucleus than the atomic orbitals. These diffuse
functions are used to improve the predicted properties of species with extended elec-
tronic densities such as anions or molecules forming hydrogen bonds.
e.g: 4-31+G, 6-31+G, 6-31++G, 6-311++G.
Balanced basis sets include both polarisation and diffuse functions. Examples: 6-31+G**,
6-311++G*, aug-cc-pVTZ. MOs obtained using the basis sets described above are solutions
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of the Kohn-Sham equations only within the function space of the basis set used. To improve
the quality of a basis set, the number of CGs to use must be increased. Any molecular orbital
can be represented exactly by complete basis set. Nevertheless, complete basis sets tend to
have an infinite number of functions and are, consequently, not practical for calculations.
Complete basis set are therefore estimated by systematically increasing the number of basis
functions and extrapolating to an infinite-size basis set.

e.g: cc-pVDZ, cc-pVTZ, ce-pVQZ.

3.5 Gaussian software

3.5.1 Introduction

Gaussian is a computer program that can be used by many scientists such as chemists,
physicists, chemical engineers, biochemists, and others. It has been designed to utilize
fundamental laws of quantum mechanics to predict properties of molecules and reactions. It
predict then molecular energies and structures, energies and structures of transition states,
molecular orbitals, spectroscopic data (NMR, IR, UV, Raman, etc), reaction pathways,
multipole moments, electron affinities and ionization potentials, bond and reaction energies,
atomic charges, and much more advanced calculations. It has been released in 1970 by
John Pople and his research group at Carnegie-Mellon University as Gaussian 7016364 Tt
has been continuously updated since then and the latest version in the Gaussian series of
programs is Gaussianl6.

Among the several Gaussian program features and capabilities, only some of them are

explored in this thesis to compute and analyze the studied molecular structures, UV-VIS,
vibrational and rotational spectra, as well as their thermochemistry with the aim of provid-
ing sufficient material necessary in the search and characterization of these molecular com-
pounds in the ISM. In the use of Gaussian software, the computation of different properties is
achieved using keywords (see Gaussian 09w tutoriall®!). For instance, the computation of IR
frequencies and some rotational constants including centrifugal ones, are invoked using the
keword "Freq=uvibrot”. The starting point is getting the optimized structure, i.e., structure
corresponding to minimum energy in the [Figure 3.3 All other properties (spectroscopic
properties such UV-VIS, IR, Raman, Rotational spectra; thermodynamic properties
such as proton affinity, Gibbs free, enthalpy and entropy energies, etc) are calculated from
this structure. The molecular spectroscopic and thermodynamic properties, but also all
quantities computed by Gaussian programs depend on the theoretical method used, since
each one has its form of approximating the resolution of the Shrodinger equation (see sec-
tions [3.4.1) and [3.4.2).
When a molecule interact with light, it does not absorb all light that comes its way, but
only with light that carries the right amount of energy to promote the molecule from one
discrete energy level to another!®!. In other words, the molecule absorbs a photon of energy
E that can promote it from one rotational, vibration or electronic level of energy to another,
and /or contributes to translational motions:

E =hv = AEqans + AEetect + AEviv + AE ot (3.103)

More specifically, light of infrared frequencies can only promote molecules from one vibra-
tional energy level to another. Light of microwave wavelengths, having low frequencies, can
only promote molecules from one rotational energy level to another. Similarly, visible and
ultraviolet lights, much more energetic, promote the redistribution of electrons in a molecule

such that the electronic potential energy of the molecule is changed (see |[Figure 3.3]).
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3.5.2 Electronic transitions
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Figure 3.3 — Schematic view of the adiabatic potential curve (Electrical potential energy versus the

Interatomic Distance (=r — re)

internuclear separation).

As shown in the section[3.1] by first approximation the electronic energy corresponding

to the pure electronic energy

where the hamiltonian ]/:le is given by the equation 1) its eigenfunction 1V in the equation

(3.17) and E. given by:

However, as shown at [Figure 3.3| at each electronic energy state corresponds many discrete
vibrational levels; at each one of these later corresponds also an infinity number of rotational

energy levels. Thus, vibrational and rotational motions being for nuclei, the potential under
s also the repulsion between nuclei, so that the electronic energy

which electrons move include

E. is such that
]/:lelll) = Eelll))

Ee:Te+v:Te+Ve+VeN

Ee is the eigenvalue of the hamiltonian (3.19)):

Eel - Te +Ve + VeN +VNN
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or [67]

Eo = E.+ Evr (3.107)

where E,, is the vibrational-rotational energy.

3.5.3 Molecular vibrations

Vibrations in molecules can be excited through two physical mechanisms: the ab-
sorption of light quanta and the inelastic scattering of photons!®l. Vibrational spectroscopy
includes several different techniques, the most essential of which are mid-infrared (IR), near-
IR, and Raman spectroscopy. Both mid-IR and Raman spectroscopy provide characteristic
fundamental vibrations that are employed for the elucidation of molecular structure/®. In
fact, Infrared and Raman spectroscopy are two of the most widely used techniques for the
determination of molecular structure and for the identification of compounds™. Vibrational
spectra can reveal significant structural features of complex organic materials™!. Whereas
IR spectroscopy is based on the absorption of photons with energy matching the difference
of energies between the low and up levels of energy, the Raman spectroscopy is founded on
the scattering mechanism where a portion of the incident photons is scattered inelastically

such that the energy of the scattered photons hvg differs from that of the incident photons
(hVo) 2] :

hv, = hv{—hv; (an IR transition) (3.108a)
hvo—hvg = hvi—hv; (a Raman transition) (3.108b)

In the expression (3.108a)), i.e., in IR spectroscopy, the molecule is irradiated by a
polychromatic light in which some of the photons have energies hvg that correspond to the
difference of energy between f and i levels. In contrast, in the expression (3.108b)), i.e.,
in the Raman spectroscopy, the excitation of molecular vibrations requires monochromatic
irradiation (photons of energy hvy). The main information in vibrational spectroscopy are
found in the energies of the vibrational transitions and the strength of the band intensities

The mid- and far-infrared wavelength ranges are extremely rich in spectral features,
many of which probe unique species which cannot be observed at any other wavelength™.
This is the cases of symmetric molecules like CH, and C,H, which have no dipole moment
and thus cannot be observed through rotational transitions at millimeter wavelengths. Like-
wise, fundamental vibrational transitions of important molecules such as H,O, CH,, C,H,,
HCN and CO, occur at mid-infrared wavelengths.

3.5.3.1 Theory of molecular IR spectra
Consider, first, the vibration of a diatomic molecule, often assimilated to an harmonic
oscillator. The potential energy deriving from the restoring force can be expressed as

1
V= quz, (3.109)

which is represented in [Figure 3.3| (in red).

In fact, the big challenge in vibrational spectroscopy had been to find the correct
potential energy, which represents the harmonic oscillator, that given by the expression
being far from the true one for diatomic vibrations. One of the most general po-
tential forms, denoted as the Dunham potential ™! is a Taylor series expansion about the
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equilibrium position (r.) (Figure 3.3):

V(r) = V(r,) + ((11—\:

1 d2v
(r—re) + > a2 (r— re)z + ... (3.110)

Te Te

By choosing the bottom of the well as the zero energy, we have V(r.) = 0. Likewise, the
expansion of V(r) about the minimum at 7. leads to

C(li—\r/ . (r—re) =0. (3.111)
Therefore, it remains that:
1 d*v , 1.aV 3
V(T) = z W . (1’— e) + g W . (T'— Te) + .y (3112)
which can be written as:
1 1 1
V(r) = zk(r — 1) + gkg(T‘ — 1)+ ﬂk4(r —r )t ... (3.113)

drm

retaining the leading one, i.e., 1ok(T — 7¢)?, we retrieve the expression (3.109)).

where k, = &Y . with k = k;. Terms of degrees greater than 2 are negligible so that,

From quantum theory, a molecule has only discrete vibrational energy levels charac-
terized by the quantum number v so that:

T\ h [k 1
o (o4 ]) B (o ) o

with v =0, 1,2, 3,.... and v = %r\/g where u = % is the reduced mass. The energy

Ey = %h\/ is called the zero point energy (ZPE). The vibrational energy levels are uniformly
spaced and the vibrational terms expressed in wavenumber are given:

1 h [k

The parabolic potential well in is not a good representation of the force
felt by diatomic molecules. A popular function that represents the best this force is the
Morse potential (see the same figure) given by:

V=D, (1 —e ")’ (3.116)

where D, is the depth of the potential well and (3, a measure of the curvature at the bottom
of the well. Unlike the harmonic oscillator, the Morse potential, asymptotically, approaches
the dissociation limit V(r) = D as v — oo. Another advantage is that, for a Morse potential,
the Shrodinger equation can be solved analytically. The corresponding vibrational terms,
including centrifugal terms are ™7l

2
6(0) = we (v43) ~woxe (v+3) +BIOHT DGO+ 1))

—ote (v+3)JJ+1) (3.117)
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where G(v) and all spectroscopic constants are in cm~'. Moreover, the spectroscopic con-
stants in equation (3.117)) are expressed as:

1
o — Dh x 10%) 2 wx_hﬁzxmz _hx107?
‘< 2mlcu Y oere 8micn ¢ 8miuric’
4B3 6(wex.B})"? 6B}
D= 2B d o = OB 6B (3.118)
w? We We

recalling that D, in is not to be confused with D., depth of the potential well;
the former a centrifigal constant. In these expressions, X, is a small positive dimensionless
constant of the order of ~ 0.01 and x.w. is called the anharmonicity!™. It measures the
extent of anharmonic behaviour of the oscillator. Excluding rotations (] = 0), the expression

(3.117) becomes:
1 1\?
G(v) = we (U+Z) — WeXe (U—l—z) (3'119)

where G(v) is the customary symbol for the vibrational energy levels. In this expression,
the second term is an anharmonic correction to the first one, i.e., the vibrational energy
levels corresponding to the harmonic oscillator.

Transition from the ground state (v = 0) to higher energy levels require energies:
AE =E, —Ey = wev — wexv(v +1). (3.120)

The transition from v =0 — v = 1 is called the fundamental transition. A given normal
molecular vibration is IR active if at least one component of the electric dipole moment of
the molecule changes during this vibration. That is, the value of a dipole moment derivative,
taken at the equilibrium must differ from zerot:

(%)O £ 0 (3.121)

For diatomic molecules of the type XY the dipole moment goes through a maximum as
the internuclear distance changes from zero to infinity, the position of the maximum being
different from the equilibrium distance. The dipole moment derivative can then be positive
or negative, but still being different from zero and the vibration becomes thus IR active.

For polyatomic molecules, difficulties in the solutions of vibrational problem appear.
All the atoms participate in the vibrations of a polyatomic molecule and the difficulties
in these molecules arise from the fact that there are couplings between various vibrational
modes, this coupling being described using normal modes ™. A normal mode is an inde-
pendent motion in a molecule which occurs without disturbing or causing perturbation to
any other modes. At each mode is associated a certain symmetry, consequently, group the-
ory is an essential tool in the determination of what symmetries corresponding to different
normal modes and in the prediction of whether, the modes are IR active and/or Raman
active. In a molecule with n atoms, there are 3n degrees of motional freedom, each atom
having three degrees of freedom as it can move independently along each of the three axes
of a Cartesian coordinate system. Among the 3n degrees of freedom, six do not change
the distance between atoms and can, consequently, be removed from the set. These are the
three degrees corresponding to the translational (x,y,z) of the center of mass (they consist
to the motion of all atoms simultaneously in the same direction parallel to the axes of the
Cartesian coordinate system) and three (or two for linear molecules) describing rotations
about the principal axes of the inertial ellipsoid of the molecule, i.e., those associated with
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the rotational motion of the molecules as a whole (0, ¢,x). The remaining 3N —6 (or 3N —5
for linear molecules) degrees are motions which change the lengths of the chemical bonds
and the angles between atoms. Since bonds in molecules are elastic, periodic motions occur.
They then correspond to the 3N — 6 (or 3N — 5 for linear molecules) normal modes.

These 3N—6 (3N—5 for linear molecules)
include stretching modes and bending
deformations. For instance, the figure
beside presents (a) a symmetric and (b)

an asymmetric stretching modes.

(a) Symmetric (b) Asymmetric

@) Likewise, the same figure shows bending modes
which can be classified into (c¢) scissoring, (d) wag-
ging, (e) rocking and (f) twisting bening modes.

Like in diatomic molecules, in polyatomic

molecules, a vibrational mode is IR active if molec-
(c) Scissoring (d) Wagging ular dipole moment varies during the vibration.

(e) Rocking

(f) Twisting

That is, the vibrational transition vy — v; is IR
active if at least one of the three vectors compo-
nents [px]l;i =% 0. In other words, a transition be-
tween two energy levels is generally accompanied
by emission or absorption of radiation if the dipole
moment of the transition, i.e., transition moment

is different from zero:
ilfihbi ) # 0

e = <
= Jtl)j?ﬁtl)id”c (3.122)

3.5.3.2 Molecular Raman transitions

Molecules with no permanent dipole moment do not have pure rotational spectrum.
Moreover, molecular vibrational motion for which there is no oscillation of dipole do not
have IR absorption or emission spectra. In fact, for a molecule in order to show infrared ab-
sorptions its electric dipole moment must change during the vibration. This is the selection
rule for infrared spectroscopy ™. Raman spectroscopy can then be used in the determination
of rotational and vibrational level spacings, and hence determination of bond lengths and
force constants for such molecules™ . This technique can, for instance, be used to study
rotational energy levels for molecules inaccessible by Microwave Spectroscopy as they lack
permenent dipole moment such as H,, O,, N,, etc.

Beside being absorbed and emitted by atoms and molecules, photons may also be
scattered. Scatterings may be elastic. In such kind of scatterings, the molecule state remains
the same and unchanged. They are called Rayleigh scatterings. Another kind of scatterings
is that of inelastic scatterings which leave the molecule in a different quantum state. These
are called Raman scatterings.

The scattered radiation can reveal much about the physical and chemical properties of
the sample®Y. In Raman process, an incident photon can loose some of its energy to the
molecule or gain some from it, and so leaves the molecule with a lower or a higher frequency,

respectively (see [Figure 3.4)): the lower frequency components of the scattered radiation are
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called the Stokes lines and the higher frequency components are called the anti-Stokes
lines Bl

A

A

Virtual states

Vibrational states

Y

Y Ground state
Anti-Stokes Raman  Rayleigh Stokes Raman
Scattering Scattering Scattering

Figure 3.4 — Elastic and inelastic scatterings

The shifted frequency is given:

Vshift = Vo + Vmolecule (3123)

where vy is the frequency of the incident radiation and Viotecute, an internal frequency
corresponding to rotational, vibrational, or electronic transitions within a molecule. From
classical model point of view, when an electric field € is applied to a molecule, its charge
distribution is distorted following the Coulomb’s law. Thus, the applied electric field induces
a dipole moment in the molecule whose magnitude varies linearly with the strength of the

electric field € for weak fields:
= ol (3.124)

where the proportionality constant « is called the polarizability and is a characteristic of
the molecule which is a measure of how easy it is to distort the charge distribution of the
molecule.

Stokes and Anti-Stokes components appear when Ax # 0, so the molecule must be anisotrop-
tcally polarizable. The gross selection rule for pure vibrational Raman is that the polariz-
ability of the molecule must change as the molecule vibrates.

The Raman intensity can be given by:
I = Klo?w? (3.125)

where K is a constant, 1 is the laser power (if a laser is used), o« the polarizability and w the
frequency of the incident radiation. In terms of Raman activities (S;) calculated with the
gaussian 09 package, relative Raman intensities (I;) can be calculated using the following
relation ¥

L — f(vo — vi)*S;

~ vill — exp(—hevi/KT)] (3.126)

where v, is the exciting frequency (in cm™") (in this work, we have used the excitation
frequency vy = 9398.5cm ™", which corresponds to the wavelength of 1064 nm of a Nd:YAG
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laser ®3l) | v; the vibrational wave number of the i normal mode, h, ¢ and k are fundamental
constants, and f is a suitably chosen common normalization factor for all peak intensities.

Unlike the IR spectroscopy, a change of the polarization potential, i.e., deformation
of the electron cloud, is necessary for a molecule to exhibit a Raman effect. The intensity
of the scattered light is dependent on the amount of the polarization potential change %,

3.5.4 Molecular rotations
Rigid rotor

At first approximation a molecule is regarded as a rigid body specified by atomic
positions expressed in Cartesian coordinates (x, Yy, z) with origin defined as the center of mass
of the molecule. The derivation of the quantum mechanical properties of molecular rotors,
including their microwave spectra, begins with the classical expressions for the angular
momenta and rotational energy.

According to the classical mechanics, the angular momentum of a rigid system of
particles is written as /%83l
P=Iw (3.127)
where w is the angular velocity and I, the moment of inertia tensor.

The classical kinetic energy of rotation for the molecule can then be written as:

Lix ng L. Wy
Erot = z (wX) Wy, w;) Iyx Iyy Iyz Wy (3128)
zx  lzy L. W

where w; is the angular velocity around the i" axis and the Ij; are components of the
principal moments of inertia.

The origin of the coordinate system being chosen at the center of mass, this choice allows the
total kinetic energy to be written as the sum of the kinetic energy of translational motion
of the center of mass plus the kinetic energy of the motion relative to the center of mass.
The translational and rotational motions can hence be treated separately.

If the x, y, and z axes are appropriately chosen, the products of inertia become zero. Such
axes can be found by diagonalizing the moment of inertia tensor:

Ixx —1 Ixy Ixz
I Ly—1 L, =0 (3.129)

sz Izy Izz —1

The three roots I of the equation are the principal moments of inertia along the
principal axes which are denoted a axis, b axis, and c¢ axis. The angular momentum
components, along these axes, are then P; = Liwi, (1 = a, bc) so that the rotational kinetic
energy becomes:

1 1 1
Erot = zlawﬁ + zlbw% + Elcwg
1 (P2 1(P}\ 1P
— _(la — [ 2 — =< 1
2(1a>+2<1b)+2(h) (3.130)
where
P? = P2+ P% + P? (3.131)
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The operator can be written as

() (@) ()] s () o

The wave function is, therefore, represented by spherical harmonics. The relative values of
principal moments of inertia allow to classify molecules into four categories:

1. If I, =I. =T and I, =~ 0, there is no rotation around the a axis. Molecules with such
elements of principal moments of inertial are called linear molecules. This is the
case of all diatomic and polyatomic linear molecules.

2. Beside linear molecules, there are nonlinear polyatomic ones with moments of inertia
are such that: I, < I, < I, with I, = [, ;ax and I, # 0. These molecules are classified
into three main groups:

— Spherical top molecules: For these molecules, the principal moments of inertia
are such that
[.=1, =1Ic

— Symmetric top molecules: They can be subdivided into two groups: Prolate
tops and Oblate tops. For these molecules, one of the principal axes of inertia
must lie along the molecular axis of symmetry and the principal moments of inertia
which have their axes perpendicular to this axis are equal.
a) Prolate tops: Prolate top molecules are molecules such that
[, < Iy = Ic. The axis of least moment of inertia, i.e., a, lies along the symmetry
axis.
b) Oblate tops: Oblate top molecules are molecules such that
[, = Iy < Ic. The axis of the greatest moment of inertia, i.e.,c, lies along the
symmetry axis.

— Asymmetric top molecules: They are molecules for which the three moments
of inertia are different from each other (I, < I, < I.). Some molecules are strictly
asymmetric tops but have two nearly equal moments of inertia:

a) Iy < Iy = I.: These molecules are called near prolate asymmetric tops.

b) I, = I < I.: They are near oblate asymmetric tops.

Rotational spectra of asymmetric top molecules

As discussed above, asymmetric top molecules are molecules whose three principal
moments of inertia are different from one another. Most nonlinear molecules found in
interstellar clouds belong to this class®¥. In defining the rotational constants, the iden-
tification of molecular principle inertial axes a,b and ¢ to x, y and z is made so that
I, < I, < I. or so that the molecular rotational constants are such that A > B > C,
with A = h/8m*1,, B = h/8n*I, and C = h/8n’L..

When [, — I, the prolate symmetric top is approached whereas when I, — I, the oblate
symmetric top is approached. A parameter which is a measure of the rotor asymmetry
is defined from rotational constants by:

2B—A—C
==~ = 1
K C (3.133)

The value k = —1 and k = 41 correspond to the prolate and oblate tops, respectively,
whereas k = 0 corresponds to the most asymmetric top. There are therefore six possibilities
as described by leading to I7, IY, II", IIY, III" and III' representations., where I", II" and
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Table 3.1 — Possibilities of representation for an asymmetric molecule

Type I It iy ' I it
X [¢ c a a b
y c b a c b a
z a a b b c c
F k=1 0 T(k+1) Hk=1) 0 T(k+1)
G 1 K -1 1 K -1
H —2(k—1) 1 1(k—1) 1k+1) -1 —2(k—1)

III" are the three permutations of the right-handed a, b and ¢ axes and I', II' and III'
those that correspond to the left-handed a, b and ¢ axes as given in [Table 3.1[8586l.

In quantum mechanics, the hamiltonian describing the rotation of a rigid asymmetric
body is given by
H = AP2 + BP{ + CP? (3.134)
with A, B and C) defined as above. To facilitate the calculation of energy levels, this
hamiltonian can be written as 886

H = %(A +C)P? + %(A — C)H(x) (3.135)

where H(k) is a reduced hamiltonian given by
H(x) = P2 + kP — P2, (3.136)

P2 = P2 + P{+P2 and « the asymmetry parameter given by the equation (3.133)). Reduced
energies, i.e., eigenvalues of H (k) depend only on the inertial asymmetry parameter k and
are not on the individual rotational constants.

Unlike the hamiltonian for symmetric rotor, the hamiltonian for asymmetric rotor is
such that the Schrédinger wave equation cannot be solved directly. Nevertheless, the general
asymmetric rotor wave functions may be represented by a linear combination of symmetric
rotor functions:

brm = Z ajkmWPyk,m (3.137)

JK,M

where the function 1y x m can be expressed in terms of Euleur angles ¢, 0 and x as follows:

Prxm = Oy me Pe™Mx (3.138)
with ) ) ) [K—M| 0 [K+M| 0
@]’K,MechbelMx = N],K,M (sin E) <COS E) F <Sin2 z) (3139)

F(sin®0/2) being a hypergeometric series and Njxm a normalizing factor satisfying the
condition:

Nim J‘LI)]TMII)}:M(],T =1 (3.140)

The reduced energies eigenvalue of the reduced hamiltonian (3.136) are (2] + 1) so-
lutions of the secular equation

E(k)—IA| =0 (3.141)
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so that the total rotational energy for a particular level is given by

1 1
E=Z(A+C)](]+1)+§(A—C)E]T(K) (3.142)
The nonvanishing matrix elements of E(k), i.e., Ej (k) (with T = K_; — K_4) are given by:
Exx = (J, K, MIH(K)], K, M) = F[J(J + 1) — K*] + GK? (3.143a)
Exxea = (J, K, MIFH(K)], K & 2, M) = H[f(], K + 1)]'/? (3.143b)
where
1
f(J,K+1) = ZU(H D—=KEXEDJT+1)— (K£1)(K=£2)] (3.143c¢)
where
Exx = E_x «x Exxi2 = Exioxk =Bk x2=Ex2 «x (3.143d)

where F, G and H are given in [Table 3.1]

3.5.5 Molecular thermodynamic properties

The thermodynamic quantities calculated from Gaussian program are, in general
linked to spectroscopic properties of the molecules. In fact, calculated quantities, either
entropy, energy, heat capacity, etc depend on contributions from translational, electronic,
rotational and vibrational motion through thier partition components q(V, T)ED.

The partition function contribution to the entropy, internal energy and volume con-
stant heat capacity are®1

S = R+RIn(qVT) +RT (229} —Rin ((q(v,T)e) + RT (214
T ), oT ),
= R(ln(qtqeqrqve)JrT(alnq) ) (3.144a)
T ),
Olng
E = NkBTz( ) (3.144b)
T ),
dInE
Cy = ( - )N’V, (3.144c)

respectively. It is these three equations which are used to derive the final expressions used to
calculate the different components of the thermodynamic quantities printed out by Gaussian.
Considering an ideal gas: PV = NRT = (ﬁNAkgT) and V = kLPT, the contributions from:

— the transilational:

3/2 3/2
g = 2momkgT Vv — 2rtmkg T kg T (3.145)
h? h? P
so that 3
Si=R (ln(qte) +T (ﬁ)) =R (ln(qt) +1+ Z) (3.146)
since (01nq./0T), = 3/2T.
0lnqq 3 3
_ 2 _pr2(2)_2
E. = NkgT ( 3T )V =RT <2T) 2RT (3.147)
and 0lnE 3
n
C = ( 3T )NV = ER. (3.148)



— the electronic motion:
qe = woe “o/*sT e e/keT 1 emea/kel | (3.149)

where w is the degeneracy of the energy level and €., the energy of the n'™™ level.
Gaussian assumes that the first electronic excitation energy is much greater than kgT,
consequently, the first and higher excited states are assumed to be inaccessible at any
temperature. Setting the energy of the ground state to zero, the electronic partition
function is simply . = wy,

The entropy due to electronic motion is therefore:

S. =R (lnqe 4T (angqe» — T(lnge +0) (3.150)

As there is no temperature dependent term in this partition function component, both
the electronic, the internal thermal energy and heat capacity due to electronic motion
are zero.

— the rotational motion:
This contribution depends on the configuration such: single atoms, linear polyatomic
molecules or non-linear polyatomic molecules.
For instance, for single atom, q, = 1 and is independent of the temperature. Conse-
quently, the contributions of rotation to either entropy, the internal energy and heat
capacity are zero.
For a nonlinear polyatomic molecule, the rotational partition function is:

ﬁ ( T3/2 )
=Y" 3.151
q CRCNCIE (3.151)

S, — R(ln(q) (%?r) ) (ln(q) ;) (3.152a)

4T R

£, = RTZ(alnq) — RT? (%) (3.152b)
_ 3z
R

\%
c - <6E ) B
oT
According to these equations, the average contribution to the internal thermal energy
from each rotational degree of freedom is RT/2, while its contribution to C, is R/2.
— the vibrational motion:
The contributions from vibrational motions to the partition function, entropy, internal
energy and constant volume heat capacity are composed of a sum (or product) of
the contri butions from each vibrational mode, say, M. Therefore, each of the 3N —
6 (or 3N—5) for linear molecules) modes has its characteristic vibrational temperature:
Oym = hva/kg. There are two ways of choosing the zero of energy, and, consequently,
two ways of calculating the partition function: either the bottom of the internuclear

potential energy well, or the first vibrational level. Gaussian use the first way. In this
case, the contribution to the partition function from a given vibrational mode is:

so that:

N

(3.152¢)

-0, ,Mm/2T

e
M = T o/t (3.153)
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so that the overall vibrational partition function becomes:

e—Oy,m/2T

qv:ﬂM:

The total vibrational contributions to internal energy, entropy and volume constant
heat capacity are therefore:

a4y
S, = R(ln(qv)—i-T(a(_]r)v)

= RZ <e®v:4“/ﬁ/i1 —In(1— e®v»M/T)) (3.155a)

dlnq, 1
E, = RT? ( )V—RZ@)VM( m) (3.155b)

For then a nonlinear molecule, the Zero-point corrected energy can be approximated

by:
E(T) = E.(T) + E«(T) + ZPE + E, + E. (3.156)
According t o the relations (]3.152b| and (]3.147[), both E, and E; equal to %R. E, can usually

be neglected compared to the Zero-point energy (ZPE), and E, = 0.
Considering then the reaction of protonation:

A +H" — AH, (3.157)
the proton affinity is defined as the negative of the reaction enthalpy at 298.15K
P(A) = —AH = AH + RT
= — [(Z Heie(products) — Z Helc(rectants)) + (ZPE(products)
— ZPE(rectants))] + RT (3.158)

Calculating the energy change in going from the reactants (A~ and H") to products (AH),
E, remains constant since the proton does not possess rotational kinetic energy and the
transilational energy of the proton contributes with —%RT so that:

P(A) = —AH,. — AZPE + ;RT (3.159)
with
AHge = AHeIC(AH) - AHelc(Ai) (3160)
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CHAPTER 4

MOLECULAR STRUCTURE, 1R, RAMAN
AND UV-VIS SPECTRA OF 2-CYANO-
THIOPHENE AND 3-CYANOTHIOPHENE

4.1 Introduction

In astrochemistry, along with often partial experimental data, theoretical predictions
are of paramount importance in the characterization of molecular properties involving high
resolution data for new compounds. In fact, the advances of new observatories such as the
Atacama Large Millimeter/ Submillimeter Array (ALMA)™ and Stratospheric Observatory
for Infrared Astronomy (SOFIA)P need both reliable theoretical and experimental data
in the search of new molecular species in space. From the first report of the presence of
molecules in space, i.e., in 19408 up to now, more than 230 organic and inorganic molecular
species have been found in the planetary atmospheres, in comets and in the interstellar
medium (ISM) of galaxies®®. Most of them were detected by dint of their microwave
emissions (e.g.,CNM CFrBl CNSil) HSCNHY C,HNOM CcH;NE2 )| by means of
their infrared emissions (e.g., CH3 ™3, C;H,; and C4H, P .)), but also on the basis of the UV
emission (e.g., C;M8 N, B8 ). Of the molecular species found in the ISM environment, a
large number contains the cyano group R—C=N 719,

A search for simple aromatic molecules that are believed to give rise to a common
emission feature commonly referred to as the unidentified infrared (UIR), including sev-
eral polycyclic aromatic nitrogen heterocycles and nitriles, has recently been conducted by
McGuire and coworkersP¥. Their investigation has resulted in the detection of benzonitrile
(¢ — C¢HsCN) on the basis of its rotational transitions in the cold core Taurus Molecular
Cloud 1 (TMC-1), which has long been known to display a rich chemistry dominated by
unsaturated carbon-chain molecules such as the cyanopolyynes (HC, N with, n = odd num-
ber) %211 Before the detection of this molecule, the only six-membered aromatic molecule
whose interstellar detection had been well established is benzene (CsHg) 2223, Regarding the
five-membered cycle such as thiophene, the analysis of insoluble organic matter (IOM) and
hydrothermally treated IOM extracted from two carbonaceous chondrites such as Murchi-
son and Allende, revealed a non-negligible proportion of thiophene in those materials24.
Moreover, through the investigation of isotopic abundance in IOM, it has been argued that
the D and "N isotope excess observed in it indicates that it has an ISM origin 2327 Like-
wise, many other theories about IOM formation and its probable origin have been proposed,
but both converged to its ISM origin2*28 Thiophene, its methyl substituted derivatives
(2- and 3-methylthiophene) and many other sulfur-bearing compounds are among organic
compounds recently observed in 3-billion-year-old mudstones at Gale crater on MarsP9.
However, none among thiophene and its substituted derivative was reported yet by astro-
chemists or astrophysicists in the ISM. In this context, the recent detection of benzonitrile
opens a new avenue for the search of five-and/or six-membered aromatic rings, including
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thiophene and its substituted derivatives. For their detection, both relevant experimental
and theoretical data are needed.

In recent years, thiophene derivatives have attracted much attention of researchers
due to their various chemical and physical properties allowing a great range of applica-
tions, either acting as anticancer and anti-tumor agentsB%33 as conducting®¥, electronic
and optoelectronic materialsB338 etc. Particularly, nitrile substituted thiophenes have
shown very potent in vitro and in vivo anthelmintic activities against Haemonchus con-
tortus®!. They have also shown very high qualities for light emitting diodes (LEDs) due
to the cyano group which increases the photoluminescence (PL) and electroluminescence
(EL) B0 Moreover, the thermochemistry of substituted thiophene-carbonitrile derivatives
has been explored®. A survey of the available literature shows however a few studies con-
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Scheme 4.1 — Chemical structures of 1 (thiophene), 2 (furan),3 (pyrole), 4 (2-methylthiophene),
5 (3-methylthiophene), 6 (2-chloro-3-nitrothiophene), 7 (2-chloro-thiophene), 8 (2-
cyanothiophene [2CNT]), 9 (3-cyanothiophene [3CNT]), 10 (2-(5-bromothiophen-2-
yl)acetonitrile), 11 (5-Cyano-3-hydroxythiophene) and 12 (2,5-diaminothiophene-3,4-
dicarbonitrile)

ducted on 2-cyanothiophene and 3-cyanothiophene (CNT, cf. : compounds 8
and 9), especially about their structural and spectroscopic properties. Cataliotti et al. B3l
conducted a FT-IR and FT-Raman investigation on 8 in both the solid and liquid states.
In this chapter, a frequency assignment was performed, but no potential energy distribution
(PED) was attempted in order to emphasize the contribution of each fundamental frequency
at a particular band position. Aleksanyan et al.®4l experimentally analyzed the IR spectra
for both 8 and 9 to explore the effects of the nature and position of the CN substituent on
the vibrational spectra. Apart from that the number of fundamental frequencies observed
was limited, no frequency assignment was carried out. Microwave spectra were reported for
8151 gHbl 345_ and PN-3CNTHEA. The number of rotational lines observed and assigned
experimentally, that of hyperfine quadrupole splittings found are also limited. While Boig
et al. B8 have studied the UV-VIS spectrum of 8, no UV-VIS spectrum of 9 is known. Fur-
thermore, experimental geometric parameters are also lacking in the literature. Previous
attempts about their structures (compounds 8#% and 9H9l) proposed more than two sets of
parameters for each compound. To the best of our knowledge, only one theoretical study
was reported so far on CNT. Solc and co-workers®¥ in their theoretical work on the struc-
ture, electronic properties and the photophysics of some substituted thiophenes investigated
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the influence of the substitution of H by CN groups at different sites of a thiophene and
terthiophene rings. Concerning structures, they conclude that, considering thiophene and
terthiophene, there is bond contraction for the o substitution and bond elongation in case of
3 substitution. Regarding excitation energy, these authors found that a CN group located
in the o-position causes a larger bathochromic shift than a CN group in the 3. Apart from
the works stated above, no study on vibrational or rotational spectra is reported yet.

In this context, the main purpose in this chapter is the computation of IR, Raman
and UV-VIS spectra for cyanothiophenes (expected to be detected in ISM) in attempt to
supplement the incomplete spectroscopic data from the literature. Another purpose is es-
tablishment of correction schemes in order to make reliable predicted properties. To achieve
these goals, accurate geometrical parameters are proposed, while fundamental vibrational
frequencies for both 2CNT and 3CNT and their deuterated species are predicted and as-
signed on basis of the PED. In addition, the UV-VIS spectra of these molecules are also
investigated. We provide with a consistent set of spectroscopic data which are expected to
be valuable in the search of new species in the ISM, and also in other experimental studies.

4.2 Computational details

Geometrical parameters for different molecular properties calculations are determined
using the method described in a previous workP¥ and references therein. Following this
method, geometries are first fully optimized using the analytical gradient procedures ap-
plying different methods including the Hartree-Fock (HF), second order Mgller-Plesset
perturbation-theory (MP2)BH Becke’s three parameter hybrid exchange functional® with
a correlation functional proposed by Lee, Yang and ParrP3 (B3LYP) and highly parameter-
ized empirical exchange correlation function (M06-2X)F4 and numerical-gradient method
at the third-order perturbation (MP3) level, implemented in Gaussian 09 package 53]
One-electron basis sets including the 6-31G(d), 6-31G(d,p), 6-311G(d,p), 6-31+G(d), 6-
31+G(d,p) and 6-311++G(d,p) are employed. Rotational constants computed at different
levels of theory are compared with available experimental results in order to calibrate the
computed results and thereby to select a good level of theory. The M06-2X/6-31G(d,p)
method appears to show the best results compared to the others.

In order to obtain an improved and reliable set of geometrical parameters, the method is
firstly applied on 1 whose experimental geometrical data are available in the literature. It is
thereafter applied on its substituted nitrile derivatives (compounds 8 and 9). Geometrical
parameters are obtained from computational levels mentioned above, in conjunction with
empirical corrections for systematic errors on the computed values of bond distances and
angles. The empirical correction for each geometrical parameter at each level of theory is
determined from the values calculated for similar compounds whose experimental data are
well established. Thereafter, the best predicted geometries are obtained after an empirical
adjustment based on the variations of rotational constants with respect to the bond lengths
variations following the procedure reported in the above mentioned work B9,

Fundamental vibrational frequencies are computed using density functional theory with the
M06-2X functional and the 6-31G(d,p) basis set. The lack of imaginary frequency in calcu-
lated wavenumbers indicates that their geometries correspond to energy minima. However,
fundamental harmonic frequencies computed by popular quantum chemistry models often
deviate from the corresponding experimental ones due to the use of finite basis sets, these
models neglect the anharmonicity effects and incomplete incorporation of electron correla-
tion®8. This is also due to the neglect of relativistic effects and non-Born-Oppenheimer
behavior. In order to obtain improved fundamental vibrational frequencies, a correction
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scheme which makes use of experimental data of similar molecules is used as described in
earlier papersPY. However, because experimental data for fundamental frequencies for sim-
ilar molecular species are not sufficient in the literature, we use another scaling method.
It has been demonstrated that the use of scaled quantum mechanics force field (SQMFF)
method in scaling down the fundamental frequencies calculated at DFT functional leads
to better results P58 We therefore tested this method and its results agree well with ex-
periment, when available. The M06-2X/6-31G(d,p) calculated wavenumbers from the best
computed geometries are corrected for systematic calculation errors using the SQMFF. By
this method, force constants, in cartesian force constant matrix, generated by Gaussian 09
package are scaled down using multiple selective scaling factors in order to produce the
experimental frequencies. In the present work, this task is achieved using the MOLVIB
program 8.0 Internal force constants fy are then transformed according to the rela-
tion P71, f{j = /SiS;fyy, where, S; and S; denote the scaling factors. Owing to the fact
that 9 does not have enough experimental data for this end and that 8 and 9 are isomers,
the relationship between the experimental and calculated frequency for 8 at the used level
of theory and for a particular mode of vibration holds also for 9. That is valid for the ratio
Vixp/ Vi, Where the superscript i denotes the vibration mode, vi,, and vt the experimen-
tal and calculated frequencies of vibrational modes, respectively. For similar modes, the
above ratio for 8 is expected to be the same for 9. This is ensured by the transferability
of scaling factors between similar molecules introduced by Pulay ™1 This allows us to
derive the near-experimental vibrational wavenumbers used for 9. Thereafter, calculated
vibrational frequencies are scaled down to (re)produce experimental results. In parallel,
during the scaling process using MOLVIB, the potential energy distribution (PED) for the
different modes of vibration are also computed.

4.3 Results and discussion

4.3.1 Molecular geometry

(a) (b) (c)

Figure 4.1 — M06-2X/6-31G(d,p) optimized geometries for (a) thiophene, (b) 2CNT and (c¢) 3CNT;
yellow: S, gray=C, blue=N and light gray=H

Geometrical parameters and rotational constants of 1 calculated at ten levels are
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given in [Table ATl The differences between the experimental results and those given in
with standard deviations for geometrical parameters are given in [Table A.2]

Likewise, geometrical parameters and rotational constants of 8 and 9 calculated at the
same levels as for 1 are given in [Table A.3| and [Table A.4] respectively. From [Table A.2]
the variations in geometrical parameters at the different levels, as calculated with various
basis sets, are relatively small. Larger standard deviations are observed in cases of HF and
B3LYP, the largest one being that of 0.015 A for HF /6-31G(d). Significant deviations are
observed, in particular, for SC and CC bond lengths. For instance, the SC bond length
is significantly overestimated by HF, MP3 and B3LYP; the largest variations with respect
to the experimental value being observed at the B3LYP functional (ASC = 0.022 A). It is
important to note that all methods overestimate the SC bond length; a minor variation being
observed in case of MP2/6-31G(d,p) (ASC = 0.003 A). In contrast, all levels underestimate
the C=C bond length (except for MP2), but also the C-C bond length (except for HF and
MP3). For instance, the values Calc—Exp < 0 for all methods, but those associated to MP2
for C=C. The variations of C—H bond lengths are small; they are relatively large at HF level
(ACH = 0.007 A) . In general, bond angle variations are small, but they differ also from
level to level. Comparison of standard deviations indicates that the HF and B3LYP show
larger standard deviations (o = 0.015 A at HF and o = 0.011 A at B3LYP). Conversely,
the MP3/6-311G(d,p) level (o = 0.005 A) gives good geometrical parameters followed by
the MP2 and M06-2X methods for different basis sets used (o = 0.006 A). These results
agree well with our expectation for that the MP3, being superior than MP2, it is expected
to yield more accurate geometrical parameters than the latter.

Regarding rotational constants, very large deviations with respect to experimental
values are observed for all levels considered, with smaller deviations for the M06-2X, espe-
cially, with the 6-31G(d,p) basis set (cf[Table A.2). Indeed, the comparison between levels
of theory with low standard deviations in geometrical parameters such as MP2/6-31G(d,p),
MP3/6-311G(d) and MO06-2X/6-31G(d,p) for 1 is done: |AA|(MP3) = 14.32 MHz,
|AA|(MP2) = 37.28 MHz, |AA|(M06 — 2X) = 0.93MHz; |AB|(MP3) = 49.67 MHz,
|AB|(MP2) = 29.81 MHz and |AB|(MO06 — 2X) = 8.05MHz; |AC|(MP3) = 18.75 MHz,
|AC|(MP2) = 3.33 MHz and |AC|(M06 — 2X) = 1.68 MHz. These deviations show that
although MP3/6-311G(d) gives good geometrical parameters (o = 0.005 A), its rotational
constants have larger deviation with respect to experiment, especially for B (49.67 MHz
smaller than the experimental value). By these deviations, the M06-2X functional repro-
duces fairly good A constant (0.93 MHz smaller than the experimental results). It also
reproduces also good results for both B and C constants, the larger deviation being ob-
served for B (8.05 MHz larger than experiment).

Overall, the M06-2X/6-31G(d,p) level gives the best results. Consequently, geometrical and
rotational parameters calculated at this level are taken as references.

In order to identify the factors responsible for the discrepancies observed between the-
oretical and experimental rotational constants, the sensitivities of the rotational constants
of thiophene with respect to changes in geometrical parameters are analysed. The results
presented in show that the A constant is markedly sensitive to variations of both
S—C , C=C and C—C bond lengths and S—C=C, C=C—C bond angles, with a relatively low
sensitivity to the C—H bond length variation. The B constant is also considerably sensitive
to the S—C and C=C bond length and S—C=C bond angle variations. The C—C variation
does not affect it much as it does for the A constant. We note that the variation of the C-H
bond length in a-position does not at all affect the value of B, whereas that in (3-position
dimly affects. Likewise, the behaviour of the C constant is similar to that of B, except that
the sensitivity to bond length variations is relatively lower as compared to that in B, and
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Table 4.1 — Experimental and achieved geometries for 1, 8 and 9 after empirical adjustments to some
geometrical parameters (distances in A°, angles in ©).

Compound 1>P 8P 9P
Exp Calc Calc-Exp
Bond lengths
S1-C2 1.7140 1.7186 0.0046 1.7247 1.7135
S1-C5 1.7140 1.7186 0.0046 1.7096 1.7266
C2-C3 1.3696 1.3702 0.0006 1.3715 1.3684
C3-C4 1.4232 1.4235 0.0003 1.4130 1.4279
C4 - Ch 1.3696 1.3702 0.0006 1.3715 1.3578
C2/C3 - C6 - - - 1.4270 1.4315
C6 - N7 - - - 1.1560 1.1550
C2/C3 - H6/H8 1.0776 1.0780 0.0004 1.0825 -
C3/C2 - H7/H8 1.0805 1.0821 0.0016 - 1.0802
C4 - H8/H9 1.0805 1.081 0.0016 1.0825 1.0819
C5 - H9/H10 1.0776 1.0780 0.0004 1.0780 1.0802
Bond Angles
S1-C2-C3 111.47 111.39 -0.08 112.32 111.47
S1-C5-C4 111.47 111.39 -0.08 111.88 112.09
C2-S1-0C5h 92.17 92.11 -0.06 91.20 91.63
C2-C3-C4 112.45 112.56 0.11 112.35 112.80
C3-C4-0Ch 112.45 112.56 0.11 112.25 111.80
C2/C3 - C6 - N7 - - - 179.74 179.84
S1-C2-H6/H8 119.85 120.23 0.38 - 121.19
C4-C3-H7/H8 124.27 124.20 -0.07 122.66 -
C4-C3-C6 - - - - 123.6
C3-C2-C6 - - - 126.9 -
C3-C4-H8/H9 124.27 124.20 -0.07 124.23 124.47
S1 -C5-H9/H10 119.85 120.28 0.43 119.80 121.19

@ From Ref. 62

® The numbering scheme used is that of

that it is sensitive to C—H bond length variations.

Thereby, an improved computed molecular structure for 1 is obtained using an em-

pirical correction scheme described in work by Riggs et al.B%. Average corrections for each
of the bond lengths and bond angles are obtained from similar molecular compounds with
experimental data as shown in , that include 21631 3164 4165 51661 g67 5y 71681,
These corrections are then used to derive predictions of corresponding parameters for 1.
Comparison between obtained parameters with existing values in the literature
shows the following: the value found for C=C and C-C, i.e., 1.372 and 1.421 A, respectively,
are exactly the values founds by a combined use of electron diffraction, vibrational spec-
troscopy, microwave spectroscopy and DFT (referred hereafter as EDVM)©. The value of
C=C is also closer to that found by a microwave study® (MW) with a difference of +0.002
A, but that of C-C is smaller than the MW one (AC3C4 = —0.001 A). Calculated values
for C-H bond lengths are slightly smaller than those found by EDVM (difference of -0.002 A
for C2-H6 and 0.003 A for C3-HT7). They are lightly a bit larger than those found by MW
(AC2H6 = 0.005 A, AC3H7 = 0.004 A). Likewise, the S-C value is also closer but smaller
than the MW result (ASC = 0.001 A). The C=C-C and C-C-H bond angles are also closer
to their values from MW study (difference of 0.6° and 0.0°, respectively).
The final best predicted parameters (in are obtained after an empirical adjust-
ment based on the variations of rotational constants with respect to bond length and bond
angle variations as presented in [Table A.5] These final results turn out to be in very good
agreement with MW results (RMS = 0.0023 A for bond lengths and =~ 0.2° for bond an-
gles). The rotational constants as well as the dipole moment values are also in
good agreement with experiment.
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Table 4.2 — Experimental vs calculated rotational constants (with empirical corrections), and dipole
moments (M06-2X/6-31G(d,p)).

compound 1 compound 8 compound 9
Exp? Calc ExpP Calc Exp¢ Calc
A (MHz ) 8041.770 8041.456 5402.387 5402.443 7115.180 7115.536
B (MHz ) 5418.120 5417.404 1816.253 1816.251 1491.299 1491.039
C (MHz ) 3235.770 3236.812 1358.614 1359.274 1232.535 1232.725
tq (Debye) 0.5707 4.470 4.575 4.090 4.011
wp (Debye) 0.000 0.736 -0.792 0.560 -0.587
e (Debye) 0.0000 0.000 0.000 0.000 0.000
Lot (Debye) 0.55%(0.53°) 0.5707 4.53 4.643 4.13 4.053

@ From Ref. @ ° From Ref., ¢ From Ref. 46l
4 From Ref. 68 ¢ From Ref. 72

The agreement between these final results and the experiment is emphasized by the
agreement between calculated and experimental results for other properties such as IR as

shown in [Table A.7l

The same approach is subsequently applied on compounds 8 and 9. Variations of

rotational constants with respect to variations of geometrical parameters are given in
for both these compounds. As shown in [Table A.§| and [Table A.9| for 8 and 9,
respectively, the corrections determined for their parent 1 are maintained for the ring and
C-H bond lengths. For the remaining bond lengths and angles (C-C6 and C=N bond lengths
and bond angles containing these bond lengths), three additional species are used in finding
the corrections, namely 103 11 and 1217, Likewise, empirical adjustments based on
the variations of rotational constants with respect to bond lengths and angles variations
presented in lead to calculated geometrical structures presented in and
rotational constants and dipole moments given in [Table 4.2] As for 1, geometrical param-
eters computed by this method for 8 and 9 (Table 4.1]) should be in good agreement with
experiment ones if th latter exists.
Unlike the behaviour observed in 1 regarding the variation of rotational constants with re-
spect to the variation of geometrical parameters, only the A constant is found to be highly
sensitive to S-C and C=C bond lengths for both compound 8 and 9. Overall,
from [Table 4.1} and [Table 4.2] there is an agreement between available experimental and cal-
culated results for all quantities related to compounds 1. Calculated geometrical structures
for both cyanothiophene compounds 8 and 9 are, consequently, expected to be accurate and
reliable.

[Table A.T1]presents the deviations of calculated results including empirical corrections

(in|Table 4.1|for geometrical parameters and Table 4.2|for rotational constants) from original
quantum chemical ones(cfr Table A.1|for 1|/Table A.3|for 8 and [Table A.4|for 9). This Table

shows that changes in geometrical parameters due to the correction process are low for
1, 8 and 9 in general, but particularly low for 9. The largest variation in geometrical
parameters for 9 is 0.0026 A, i.e., a elongation of 0.0026 A for S1C5 and a contraction
of 0.0026 A for C2=C3. The largest bond length variations for 1 and 8 are elongation
of 0.0072 A for C2=C3 and C4=C5 in case of 8; elongation of 0.0073 A in case of 1.
Regarding bond angle variations, the larger variation is observed for the compound 8, i.e.,
0.62° for S1IC5C4. The larger variation for 1 and 9 is ~ 0.40° (an increase ACSC = 0.41°
and a decrease ACSC = —0.37° for 1 and 9, respectively). Nevertheless, from ,
it is clear that empirical corrections have produced remarkable improvement of rotational
constants. The larger variation is a decrease AA = —18.01 MHz for 8 followed by a n
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increase AA = 14.08 MHz for 9. The larger variation of B is observed for 1 (7.33 MHz),
while that of C is observed for 8 (3.55 MHz).It should be noted that for all parameters,
larger variations are observed for 8.

4.3.2 Effects of CN substitution in x— and 3—position in compound 1

For 1, the two S-C bond lengths are equal (S1C2 = S1C5 = 1.719 A), as well as the
two C=C bond lengths (C2C3 = C4C5 = 1.370 A). The substitution of a H-atom in the «-
position of the thiophene ring 1 by a CN group elongates the S1-C2 (AS1C2 = 0.006 A) and
C=C (AC2C3 = AC4C5 = 0.0013A) bond lengths, whereas the S1-C5 and the C3-C4 bond
lengths are contracted (i.e., contraction of 0.0090 and 0.0105 A, respectively). We notice, in
contrast, an elongation of S1-C5 (AS1C5 = 0.0126 A) and C3-C4 (AC3C4 = 0.0047 A) bond
lengths but also a contraction of S1-C2 (AS1C2 = 0.0005 A) and C=C (AC2C3 = 0.0012
A, AC4C5 =0.0118 A) bond lengths caused by a CN group at 3— position. In general, we
notice perturbations of geometrical parameters due to the substitution of H by CN-group
at o and p— positions of the aromatic ring, respectively. Standard deviations o = 0.0057 A
and 0 = 0.016 A for bond lengths are found for o and p H substitution respectively, whereas
they are 0.81 and 0.70° for bond angles in the same order. Nevertheless, our results contrast
with earlier findings, especially for SC bond lengths. In fact, Solc et al. ¥ calculated (using
B3LYP/6-31G(d) and MP2/6-31G(d)) the bond variations produced by introduction of one
or many CN groups at different sites of thiophene ring. Contrary to our results, they found
S1C2 bond contraction and a S1C5 bond elongation for the o substitution and a S1C2
contraction in case of 3 substitution.

The small changes in geometrical parameters induced by the introduction of a CN
group at - or [3-position produce a decrease of all rotational constants. The constant A
is considerably decreased upon substitution at the o position (AA = 2637.4 MHz, AB =
3601.9 MHz and AC = 1877.2 MHz) whereas both B and C greatly decrease when the
CN group is introduced at the  position (AA = 926.59 MHz, AB = 3926.8 MHz and
AC = 2003.2 MHz).

Substitution of H by CN at these positions decreases also the dipole moments (cfr
. Contrary to previous results of Solc et al.®¥ our results as well as the exper-
imental ones show that 8 exhibits larger dipole moment than 9, whereas according to the
above mentioned reference, it is 9 that exhibits a larger dipole moment than 8.

4.3.3 Vibrational Frequencies and Assignment

As shown in [Table 4.3| (for 8) and [Table 4.4] (for 9), their 24 normal modes are

distributed into two symmetry representations of the Cg point group:

Mn_e = 17 A’ (in-plane) + 7 A" (out-of-plane).

Each of these Tables presents available experimental and calculated (scaled and unscaled)
vibrational frequencies and the scaling factor for each mode of vibration. As shown by these
Tables, these scaling factors span the range 0.94 - 1.0, except the modes at 2226 and 2236
cm™! for 8 and 9, respectively, for both scaling factors are 0.914. From these Tables, there
is a good agreement between available experimental and corrected frequencies. The RMS
for frequencies decreases in fact from 93 cm™' for the unscaled frequencies to 10 cm™" after
scaling process for 8. This agreement is emphasized by that observed also for 1 (Table A.12)
taken as reference. For the latter, the RMS decreases from 97 cm™' for the unscaled
frequencies to 5 cm™! for the scaled counterparts. The larger RMS obtained for 8 may be
ascribed to the fact that we are comparing experimental frequencies recorded in the liquid
state®3l to the calculated gas phase ones. An agreement between calculated fundamental
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Table 4.3 — Experimental vs M06-2X/6-31G(d,p) calculated (from geometry with empirical correc-
tions) frequencies (cm™") for 8 and corresponding scaling factors.

Exp. Calculated®

Numbering Symmetry  IR* Raman® IRP Raman® Unscaled IR® Scaling fac.R4
In-plane

V1 A’ 3112 3111 - - 3320 3132 0.9430
V2 A’ 3098 3101 - 3093 3275 3088 0.9430
V3 A’ 3086 3091 - - 3260 3075 0.9431
Va A’ 2225 2223 - 2224 2433 2226 0.9144
Vs A’ 1514 1512 1511 1510 1610 1532 0.9517
Ve A’ 1416 1415 1412 1414 1498 1414 0.9436
2% A’ 1353 1352 1349 1351 1411 1353 0.9587
Vg A’ 1235 1234 1228 1228 1266 1232 0.9731
Vo A’ 1160 1160 1150 - 1202 1134 0.9437
V10 A’ 1078 1080 1054 1076 1108 1073 0.9682
V11 A’ 1041 1045 1040 1040 1078 1043 0.9668
Vi3 A’ 857 860 856 857 894 865 0.9666
V15 A’ 754 751 720 - 775 746 0.9619
V17 A’ 668 - - - 708 681 0.9601
V20 A’ 507 - 504 - 522 510 0.9762
V21 A’ 487 - 486 - 497 483 0.9708
V23 A’ - - 170 - 147 145 0.9845

Out-of-plane

V12 A 915 902 912 911 949 913 0.9616
Via A" 844 - - - 877 838 0.9557
Vig A" 686 688 - - 733 700 0.9540
Vig A" 568 - 564 - 596 575 0.9640
Vio A" 526 - 525 - 551 526 0.9546
vy A" 418 415 415 - 424 408 0.9624
Vaa A" - - - - 145 136 0.9401

@ From Ref. B3l (liquid state); ® From Ref. 4. ¢ Fundamental frequencies
scaled using the SQMFF method; ¢ Individual scaling factors; ¢ Intensities are provided in

[Table 4.7

frequencies and the experiment is expected for 9. A further analysis of calculated IR spectra
is carried out in terms of PED. The PED analysis has the advantage of being more accurate
and allowing a quantitative description of the contribution of movement of a given group
of atoms in a normal modef®. In other words, the advantage results in the fact that the
energy of each vibration mode is represented as a sum of contributions from particular
internal coordinates.

A detailed frequency assignment for both CNT compounds, where the contribution of each
vibrational mode and the molecular atoms involved is presented in for 8 and
for 9. As it can be seen in these two tables, all vibrational modes, except for
the C-H stretching ones, are mixed modes and the dominant mode contributes for less than
90% to the corresponding vibration. presents the calculated frequencies, infrared
intensities, Raman activities and intensities for both compounds 8 and 9. Figures and
illustrate their simulated gas phase IR spectra and Figures and their Raman

spectra. The results in both the and Table show the most intense
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Table 4.4 — Experimental vs M06-2X/6-31G(d,p) calculated (from geometry with empirical correc-
tions) frequencies (cm™") for 9 and corresponding scaling factors.

Exp. Calculated®
Numbering Symmetry IR Raman? Unscaled IR® Scaling fac.R4
In-plane
Vi A’ - 3120 3304 3125 0.9461
V) A’ - - 3301 3123 0.9461
V3 A/ - 3096 3274 3097 0.9461
V4 A’ - 2232 2446 2236 0.9141
Vs A’ 1510 1513 1624 1546 0.9521
Ve A’ 1404 1403 1511 1423 0.9418
V7 A’ 1370 1372 1444 1381 0.9568
Vs A’ 1220 1223 1256 1222 0.9728
Vo A’ 1125 1156 1190 1148 0.9645
V1o A’ 1085 1085 1114 1084 0.9737
Vi A’ 926 933 962 924 0.9605
Vi3 A’ - - 900 855 0.9499
vis A’ 790 765 829 800 0.9649
V17 A’ - 646 658 633 0.9615
Va0 A’ - 487 494 482 0.9752
Vi A’ - 463 490 468 0.9537
Va3 A’ - 174 151 144 0.9513
Out-of-plane
V12 A" 872 874 927 893 0.9633
Via A" - 828 851 807 0.9474
Vig A" 700 - 725 689 0.9513
Vis A" - - 650 624 0.9591
V19 A" - 520 554 531 0.9592
V2 A" - - 443 433 0.9788
Vaa A" - - 146 143 0.9812

@ From Ref. B3l (liquid state); ® From Ref. 4. ¢ Fundamental frequencies
scaled using the SQMFF method; ¢ Individual scaling factors; ¢ Intensities are provided in

[Table 4.7

infrared bands at 2226 and 700 cm ™' for 8 and at 2236 and 800cm™' for 9. The band
centered at 700 cm ™' for 8 and at 800cm ™' for 9 are predominant with respect to those
found at 2226 and 2236 cm ™', respectively, for the two compounds. The IR intensities are
73.39 and 41.29 km. mol™' for the former and for the latter, respectively, in case of 8.

Table 4.5 — Potential energy distribution for 8

Frequency PED  Mode Atoms?! PED  Mode Atoms!
(em~!) (%) h k1 m (%) h k 1 m
In - plane modes
3132 97% vCH 5 10 O 0
3088 0% vCH 3 8 0 0 28% vCH 4 9 0 0
3075 69% vCH 4 9 0 0 29% vCH 3 8 0 0
2226 88% vC=N 6 7 0 0 12% vCC 2 6 0 0
1532 39% vC=C 2 3 0 0 18% vC=C 4 5 0 0
11% SCCH 4 3 8 0 7% SCCH 3 4 9 0
(Continued)
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Table 4.5 — (Continued)

Frequency PED Mode Atoms! PED  Mode Atoms?
(cm~") (%) h k1 m (%) h k 1 m
6% vCC 2 6 0 0 6% 0CCH 2 3 8 0
1414 31% vCC 3 4 0 0 18% vC=C 4 5 0 0
14% SCCH 5 4 9 0 11% SCCH 3 4 9 0
6% SCCH 2 3 8 0
1353 24% vC=C 4 5 0 0 18% 8CCH 4 5 10 O
18% vC=C 2 3 0 0 17% 0SCH 1 5 10 0
6% vCC 2 6 0 O
1232 24% SCCH 2 3 8 0 18% SCCH 4 3 8 0
10% SCCH 5 4 9 0 9% vC=C 2 3 0 0
8% SCCH 4 5 10 0 8% SCCH 3 4 9 0
1135 35% vCC 2 6 0 0 18% vSC 1 2 0 0
9% vCC 3 4 0 0 5% dSCC 1 2 3 0
5% vC=C 4 5 0 0
1073 25% SCCH 4 5 10 0 25% 0SCH 1 5 10 O
13% SCCH 5 4 9 0 13% vC=C 4 5 0 0
10% SCCH 3 4 9 0
1043 33% vCC 3 4 0 0 22% 8CCH 4 3 8 0
12% SCCH 2 3 8 0 8% SCH 3 4 9 0
7% SHCC 5 4 9 0
865 42% v3C 1 5 0 0 18% 8SCC 1 5 4 0
14% 5CCC 3 4 5 0 9% 0SCH 1 5 10 0
6% SCCH 3 4 9 0
746 38% vSC 1 5 0 0 26% vSC 1 2 0 0
11% 5CCC 2 3 4 0 10% SCCC 3 4 5 0
681 22% vSC 1 2 0 0 16% vSC 1 5 0 0
12% 5CSC 5 1 2 0 10% vCC 2 6 0 0
9% 8SCC 6 2 1 0 6% 5SCC 1 5 4 0
510 38% SCCN 2 6 7 0 15% 5CCC 6 2 3 0
13% v3C 1 2 0 0 10% 5CSC 5 1 2 0
7% 5SCC 1 2 6 0
483 38% vCC 2 6 7 0 14% v3C 1 2 0 0
14% 5SCC 1 2 3 0 7% 8CCN 2 6 7 0
6% dCsC 5 1 2 0 6% CC 6 2 1 0
145 55% SCCN 2 6 7 0 23% dSCC 6 2 1 0
21% 5CCC 6 2 3 0
Out - of - plane modes
913 30% YHCCH 8 3 4 9 26% +YHCCH 9 4 5 10
10% yHCCS 9 4 5 1 8% yCCCH 2 3 4 9
% yCCCH 8 3 4 ) 6% yCCCH 8 3 4 5
838 22% +YyHCCH 9 4 5 10 20% vYyCCCH 6 2 3 8
15% YyHCCC 8 3 4 5 14% ySCCH 1 2 3 8
9% YyCCCH 3 4 5 10
700 34% yCCCH 3 4 5 10 21% +yCSCH 2 1 5 10
16% YyHCCS 9 4 5 1 12% yCCCH 2 3 4 9
575 32% yCCN 0 2 6 75 14% yCCCC 5 4 3 2
3% ~yCCCC 1 2 3 4 7% yCCCH 8 3 4 5
7% YySCCH 1 2 3 8 7% yCCCS 3 4 5 1
526 59% yCCN 0 2 6 7 9% yCCCS 3 4 5 1
6% yCCCC 4 3 2 6 5% yCCSC 4 5 1 2
408 61% vyCCN 0 2 6 7 10% yCsCC 5 1 2 3
8% yCCSC 4 5 1 2 ™% yCCCC 5 4 3 2
136 43% vyCCN 0 2 6 7 22% yCCCC 4 3 2 6
16% yCSCC 5 1 2 6 14% yCCCH 6 2 3 8
! See scheme 1 for atom numbering.
v: stretching, &: in-plane bending and y: out-of-plane bending modes.
Table 4.6 — Potential energy distribution for 9
Frequency PED  Mode Atoms?! PED  Mode Atoms!
(em~!) (%) h k1 m (%) h k 1 m
In - plane modes
3125 82% vCH 5 10 0 O 9% vCH 2 § 0 0
(Continued)



Table 4.6 — (Continued)

Frequency PED Mode Atoms! PED Mode Atoms!
(cm~") (%) h k1 m (%) h k1 m
8% vCH 4 9 0 O
3123 90% vCH 2 8§ 0 O 8% vCH 5 10 0 O
3097 90% vCH 4 9 0 O 9% vCH 5 10 0 O
2236 8%  vC=N 6 7 0 0 12% vCC 3 6 0 0
1546 29% vC=C 2 3 0 O 28% vC=C 4 5 0 0
10% SCCH 9 4 3 0 8% vCC 3 6 0 0
1423 39% vC=C 4 5 0 O 29% vC=C 2 3 0 0
5% 6SCH 0 5 1 0 5% vCC 3 6 0 0
1381 39% vCC 3 4 0 0 10% 8CCH 10 5 4 0
10% vC=C 2 3 0 0 9% 6CCH 9 4 5 0
6% 6SCH 0 5 1 0
1222 15% SCCH 10 5 4 0 15% SCCH 9 4 5 0
14% SCCH 8 2 3 0 12% 0SCH 10 5 1 0
12% 5CCH 9 4 3 0 ™% 6CCH 9 4 5 0
1148 30% 0SCH 8 2 1 0 24% 5CCH 8 2 3 0
21% vCC 3 6 0 0 6% vCC 3 4 0 O
1084 21% SCCH 9 4 3 0 20% 5CCH 9 4 5 0
20% SCCH 10 5 4 0 17% 0SCH 10 5 1 0
8% vC=C 4 5 0 O
924 18% vCC 3 6 0 0 14% 5CCC 3 4 5 0
12% 5SCH 0 5 1 0 12% vCC 3 4 0 0
8% vC=C 2 3 0 0 % 5CCS 4 5 1 0
855 1% vSC 1 2 0 0 9% 8SCC 1 2 3 0
™% 6SCH 8 2 1 0
807 64% vSC 1 5 0 O 11% 5CCS 4 5 1 0
5% vCC 3 4 0 O
633 30% vSC 1 5 0 0 23% dCSC ) 1 2 0
11% dCCS 4 5 1 0 8% vCC 3 6 0 0
6% 5CCC 3 4 5 0
531 51% 6 CCN 3 6 7 0 18% 6 CCC 6 3 4 0
14% 6§ CCC 6 3 2 0
468 36% vCC 3 6 0 0 15% vSC 1 2 0 0
10% 5CCC 3 4 5 0 8% 8SCC 1 2 3 0
7% 5 CSC 5 1 2 0
144 53% 5 CCN 3 6 7 0 20% 5 CCC 6 3 2 0
20% & CCC 6 3 4 0
Out - of - plane modes
893 45% yCCCH 9 4 5 10 14% +ySCCH 9 4 5 1
13% yCCCH 6 3 4 9 11% yCCCH 2 3 4 9
6% yCCCH 3 4 5 10 5% vy CCCH 2 1 5 10
800 36% yCCCH 8 2 3 6 21% yCCCH 8 2 3 4
17% yCSCH 5 1 2 8 5% yCCCH 3 4 5 10
689 28% yCCCH 3 4 5 10 17% yCSCH 2 1 5 10
12% yCCCH 8 2 3 4 8% ySCCH 9 4 5 1
8% yCCCH 6 3 4 9 8% yCSCH 5 1 2 8
624 39% yCCN 0 3 6 7 1% ~yCCCC 2 3 4 5
9% vy CSC 1 2 3 4 9% yCCCH 2 3 4 9
8% yCCCH 8 2 3 4 6% ysccC 1 2 3 4
482 5% yYCCN 0 3 6 7 13% ySCCC 3 4 5 1
8% yCCSC 4 5 1 2 ™% yCCCC 5 4 3 6
5% ~yCCCC 2 3 4 5
433 53% YyCCN 0 3 6 7 3% +ysccc 1 2 3 4
2% ycCcscc 5 1 2 3 8% yCCSC 4 5 1 2
143 41% yCCN 0 3 6 7 5% ySCccc 1 2 3 6
2% ~yCCCC 5 4 3 6 8% yCCCH 6 3 4 9
7% yCCN 3 6 7 0 6% CCCH 8 2 3 6

! See scheme 1 for atom numbering.
v: stretching, &: in-plane bending and y: out-of-plane bending modes.

They are are 61.85 and 34.96km. mol™" in the same order for 9. In both 8 and 9,
these bands correspond to the CH out-of-plane deformations and to the C=N stretching
modes, respectively: the most IR intense band corresponding to the out-of -plane bending
CH mode with a PED= 82% for 8 and PED~ 79% for 9. The bands corresponding to
the stretching C=N modes correspond to 88 and 87 % as PED for 8 and 9, respectively.
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Table 4.7 — M06-2X/6-31G(d,p) calculated frequencies (cm™"), infrared intensities (km.mol™') and
Raman activities (A*/amu) and Raman intensities (x10724F2.m~"'.kg~") for compounds

8 and 9.
compound 8 compounds 9
Freq. IR' int. Ram. Activ.  Ram. Int.’ Freq. IR int(1). Ram. Activ  Rama. Int'
3132 2.90 140.46 13.80 3125 1.31 175.89 6.83
3088 0.22 133.36 13.66 3123 7.41 36.76 1.43
3075 1.56 94.77 9.83 3097 1.39 80.97 3.23
2226 41.29 323.25 76.72 2236 34.96 270.48 24.95
1532 0.04 14.31 7.14 1546 0.74 26.86 5.18
1414 18.68 103.82 59.57 1423 13.05 40.71 9.08
1353 5.77 51.59 31.91 1381 8.55 4.98 1.17
1232 12.74 5.09 3.67 1222 2.50 4.57 1.31
1134 16.31 1.73 1.42 1148 3.84 17.64 5.60
1073 1.20 14.91 13.39 1084 3.01 3.50 1.21
1043 4.61 1.51 1.42 924 8.76 3.56 1.58
913 0.46 2.21 2.54 893 0.00 0.70 0.33
865 19.11 4.07 5.05 855 23.37 3.30 1.64
838 6.12 2.30 2.99 807 5.22 11.26 6.08
746 0.38 6.79 10.45 800 61.85 1.16 0.64
700 73.39 2.85 4.81 689 12.79 4.27 2.89
681 1.78 14.13 24.81 633 0.95 6.36 4.87
575 3.67 1.26 2.82 624 22.07 0.84 0.66
526 4.93 2.44 6.20 531 0.39 2.23 2.20
510 1.57 2.27 6.03 482 1.38 6.04 6.87
483 1.79 3.86 11.12 468 0.02 6.21 7.36
408 0.32 3.68 13.58 433 2.31 1.21 1.61
145 3.39 4.44 88.14 144 5.02 3.71 29.28
136 1.09 0.34 7.44 143 3.02 0.12 0.92

! No available experimental intensities for both IR and Raman spectra.

Moreover, in both these two compounds, the first three higher bands are not mixed and
correspond, exclusively, to the out-of-plane CH-bending modes. This is, for instance, the
cases of 913, 838 and 700 cm ™" where the bending CH contributions are 87, 80 and 82 % for
8, and 893, 800 and 689 cm~' with bending CH contributions of 84, 78 and 81 % for 9. At
lower wavenumbers, the contribution of this mode is somewhat trifling: PED< 15%. It is
worthy noting that IR bands are stronger for 8 than for 9. Whereas, they are almost only
the two quoted IR strong bands in 8, there exist two other relatively strong bands in case
of 9 with intensities approaching that of the one centered at 800 cm™'. This is the case of
the one is centered at 855 cm ™', predominately due to S—C stretching modes (PED~ 71 %
and the one centered at 624 cm™', mainly due to the out-of-plane C—C=N.

Either for 8 or 9, the Raman spectra are dominated by the C=N stretching mode of vibration
and the in-plane C—C=N deformation centered, respectively. The two vibrational modes
appear, respectively, at 2225 and 145c¢cm™' in case of 8 and at 2236 and 144cm™ in
9. As shown in [Table 4.7, the Raman intensities are 76.72 and 88.14 x 1072 FPm kg™,
respectively, for 8; 24.95 and 29.28 x 1072 FPm kg™, respectively, for 9. Like the IR
intensities, Raman bands are stronger for 8 than in case of 9.

In their work on vibrational spectra of push-pull molecules, Dell et al.”® have re-
ported a peculiar feature in vibrational spectroscopy for the studied systems. Their results
have revealed that, contrary to generally accepted rule of thumb according to which what
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Table 4.8 — Calculated frequencies (cm™'), infrared intensities (km.mol™') and Raman activities
(A*/amu) and Raman intensities (x10~24F2.m~"'.kg~") for deuterated forms of 8 and

9
deuterated 8 deuterated 9
Freq. IR int. Ram. Activ Ram. Int. Freq. IR int. Ram. Activ Rama. Int
2304 39.45 287.16 24.76 2313 33.65 246.82 21.09
2293 2.58 97.36 8.49 2292 1.80 88.71 7.74
2262 0.29 48.32 4.35 2280 4.36 20.45 1.81
2241 1.50 44.89 4.12 2254 1.72 35.30 3.20
1501 3.33 38.97 7.92 1512 2.66 28.31 5.68
1383 24.28 122.76 28.77 1401 21.05 42.90 9.84
1260 1.98 15.17 4.15 1326 1.15 12.88 3.24
1142 16.36 4.73 1.52 1041 1.33 5.86 2.17
1001 2.70 2.87 1.12 980 4.95 2.32 0.94
856 7.56 12.08 5.98 853 2.23 15.30 7.62
768 1.31 4.12 2.38 7T 0.82 4.08 2.32
765 0.10 1.93 1.13 752 18.22 3.72 2.22
744 9.43 0.96 0.58 750 4.24 4.56 2.73
706 0.27 6.49 4.24 739 0.85 0.66 0.40
674 0.01 0.63 0.44 668 10.83 2.17 1.54
656 2.46 9.86 7.17 603 2.29 4.81 3.95
514 42.82 0.61 0.63 541 1.39 0.35 0.33
509 6.13 1.73 1.81 525 43.40 1.26 1.26
498 2.33 2.07 2.24 520 0.55 2.11 2.14
478 1.07 4.17 4.79 464 0.01 5.84 7.00
439 0.04 0.55 0.71 436 0.97 5.16 6.79
398 1.72 3.84 5.79 403 0.10 0.25 0.37
140 3.57 4.63 38.47 150 3.10 0.05 0.37
135 1.35 0.10 0.89 140 5.01 3.69 30.73

! No available experimental intensities for both IR and Raman spectra.

is strong in the infrared is weak in the Raman and vice versa, the most prominent features
of the Raman spectrum are also strongly active in the infrared. This finding agrees well
with our observation regarding the C=N stretching mode. Either for deuterated forms or
non-deuterated ones, the mode of vibration is strongly active both in IR and Raman.

It is known that the intensities of infrared bands are proportional to the dipole moment
changes accompanying vibrational motion™8%  Typically, it has been established that
the fluctuations in the changes accompanying the vibrational distortions are associated
with changes in length and orientation of the separate bondsB¥. The results reveal that
introduction of a cyano-group in « and 3 position of the aromatic ring of 1 increases both
the IR and Raman intensities, except for the in-plane and out-of-plan CH modes containing
C=C bond length as well as stretching modes. This is, the case of the band centered at
712 cm™' for which the C—C=C—H mode contributes at ~30%, the S—C=C—H mode at
~28% and the C=C—C—H mode at ~22%.

Table 4.9 — Potential energy distribution for the deuterated form of 8

Frequency PED Mode Atoms? PED Mode Atoms!

(em™) (%) h k 1 m (%) h k 1 m

In - plane modes

(Continued)
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Table 4.9 — (Continued)

Frequency PED Mode Atoms! PED Mode Atoms!
(em™ 1) (%) h k 1 m (%) h k 1 m
In - plane modes
2304 87% vC=N 6 7 0 0 11% vCC 3 6 0 0
2293 82% vCD 5 10 O 0 12% vCD 4 9 0 0
2262 68% vCD 3 8 0 O 20% vCD 4 9 0 O
8% vCD 5 10 0 0
2241 64 % vCD 4 9 0 0 27% vCD 3 8 0 0
™% vCD 5 10 0 0
1501 54% vC=C 2 3 0 0 12% vCC 2 6 0 0
10% vC=C 4 5 0 0
1383 38% vC=C 4 5 0 0 14% vCC 0 3 4 0
32% vC=C 2 3 0 0
1260 30% vCC 3 4 0 0 13% vC=C 4 ) 0 0
8% 5CCD 4 5 10 0 8% vC=C 2 3 0 0
6% vSC 3 6 0 0
1142 3% vCC 2 6 0 0 25% vSC 1 2 0 0
™% 5CCC 3 2 6 0 6% vC=C 2 3 0 0
6% 5CCC 3 4 5 0 5% 8SCC 1 2 3 0
1001 18% vSC 1 5 0 0 14% 5CCD 5 4 9 0
14% 5CCD 4 5 10 0 11% 5CCD 2 3 8 0
10% 5CCD 4 3 8 0 10% 5CCD 3 4 9 0
856 18% 5CCD 4 3 8 0 13% vSC 1 5 0 0
11% vCC 3 4 0 O 10% 5CCD 4 5 10 0
8% 5CCD 2 3 8 0 6% 5CCD 3 4 9 0
768 24% 8SCD 1 5 10 0 16% 5CCD 4 5 10 O
16% 5CCD 5 4 9 0 13% 5CCD 3 4 9 0
10% 5CCD 4 3 8 0 9% 5CCD 2 3 8 0
744 19% vSC 1 5 0 0 18% 5CCD 1 5 10 O
17% 5CCD 3 4 9 0 9% 85CC 1 5 4 0
8% 5CCD 2 3 8 0 8% 5CCD 4 3 8 0
706 34% vSC 1 5 0 0 15% 5CCC 3 4 5 0
12% 5CCC 2 3 4 0 11% 5CCD 5 4 9 0
9% vSC 3 4 5 0 7% 5CCD 2 3 8 0
656 26% vSC 1 2 0 0 10% 5CSC 2 1 5 0
9% 5SCC 1 2 6 0 8% vCC 2 6 0 0
8% 5CCD 4 5 10 0 6% vC=C 2 3 0 0
498 35% 5 CCN 3 6 7 0 20% v SC 1 2 0 0
14% 5 CCC 3 2 6 0 11% 5 SCC 1 2 6 0
5% 5CSC 2 1 ) 0
478 37% vCC 2 6 0 0 18% 8SCC 1 2 3 0
11% 5CSC 2 1 5 0 % vSC 1 2 0 0
140 62% SCCN 3 6 7 0 19% 5 SCC 1 2 4 0
17% 6¢cCcC 3 2 6 O
Out - of - plane modes
765 2% yDCCD 8 3 4 9 17% yCCCD 1 5 4 9
2% yCCCD 6 2 3 8 10% ~ycCcccc 2 3 4 5
8% yCCCS 3 4 5 1 % ysSccCc 1 2 3 4
674 30% yDCCD 9 4 5 10 20% yCCCD 6 2 3 8
10% +yCCCD 2 3 4 9 7% v CCN 0 2 6 7
6% yCCCD 8 3 4 ) 6% vy SCCC 1 2 3 8
514 4% yCCN 0 2 6 7 14% +ySCCD 1 2 3 8
9% ~yDCCD 8 3 4 9 6% vyCCCD 5 4 3 8
509 34% ySCCD 1 5 4 9 21% ycCCCD 2 3 4 9
9% yCSCD 2 1 5 10 9% yCCCS 3 4 5 1
8% yDCCD 8 3 4 9 5% yCSCC 2 1 5 4
439 2% yCCN 0 2 6 7 16% yCSCD 2 1 5 10
5% yDCCD 9 4 5 10 9% yCCCD 6 2 3 8
8% ySCCD 1 2 3 8 % yCCCD 2 3 4 5
398 60% yCCN 0 2 6 7 8% vy (CSCD 2 1 5 10
™% yCSCC 5 1 2 3 6% yCscCc 2 1 5 4
135 52% yCCN 0 2 6 7 19% yCCCC 6 2 3 4
14% ySCCC 5 1 2 6 11% yCCCD 6 23 3 8

! See scheme 1 for atom numbering.
v: Stretching, &: In-plane bending y: Out-of-plane bending.

This band is brighter than corresponding ones in 8 and 9.

Moreover, the 8 shows

higher IR and Raman intensities than 9. It should be noted also that the comparison of

76



Table A.13| [Table 4.5 and [Table 4.6 shows that, whereas CH modes in « or 3 sites (i.e., in
2 and 5 or in 3 and 4 positions, respectively) of the thiophene ring contribute equally at
a particular IR frequency for 1, each of the CH modes in 8 and 9 has a frequency where
it mainly contributes. For example, the C,—H and C,—H modes of vibrations contributes
both at 3118 cm ™! with 47% for each one and at 3116 cm ™! also with 48% for each one. In
contrast, Cs—H contributes with 97% at 3132 cm™', C,—H at 3089 cm™' (70%) and C,—H
at 3075 cm™! with 69% for 8.

For the first time, the deuterated forms of both 8 and 9 are investigated. According
to Peeters et al. B knowledge on deuterated compounds is important for the ISM chemi-
cal and environmental comprehension. Deuterium isotopes provide us with a powerful tool
to distinguish processes occurring at low temperatures in the ISM from those occurring
in high-temperature environments. presents the calculated frequencies, infrared
intensities, Raman activities and intensities for both deuterated 8 and 9 forms, whereas
Figures [4.3a) and [.3D] plot their simulated gas phase IR spectra and Figures and [£.3d]
their Raman spectra. As in cases of non-deuterated forms, the most prominent IR bands
correspond to the out-of-plane CD deformations and C=N stretching modes. These modes
appear, respectively, at 514 (36 %) and 2304 cm ™" (87 %) for the deuterated 8; at 525 (78 %)
and 2313 cm ™" (87 %) for the deuterated 9.Nevertheless, in case of deuterated 8, the contri-
bution of the out-of-plane C=N mode dominates the out-of-plane CH mode. Regarding the
Raman spectra, it is worthy mentioning that the strongest bands correspond to the in-plane
C—C=N bending modes at 140 cm™' with 62 % and 55 % as contributions, respectively, for
deuterated 8 and deuterated 9. they are followed by the C=N stretching modes both in the
two compounds. These are shown, on one hand, in Figures and and, on the other

hand, in [Table 4.8 and [Table 4.9| (for deuterated 8) and [Table 4.10| (for deuterated 9).

4.3.3.1 C-H and C-D vibrational modes.

Previous studies investigated the C-H stretching modes for five-membered cyclic com-

pounds (1, 2, 3, selenophene, tellurophone)®285  This mode was found mainly to occur
in the range of 3030 — 3162cm ™' but that of the gas-phase for 1 were found typically in
the region of 3086 — 3126 cm™'8284  |Table 4.5 and [Table A.13| show a good agreement
between our present results and these prior findings. For example, three peaks are identified
at 3132 (97%), 3088 (99 %) and 3075cm™" (98 %) for 8 and at 3125 (99 %), 3123 (98 %)
and 3097 cm™' (99 %) for 9.
This assignment of C-H stretching mode agrees well with its experimental observations at
3112, 3098 and 3086cm ™' and those at 3111, 3101 and 3091 cm ™' in the IR and Raman
spectra of 83l It had also been pointed out that the stretching modes involving hydrogen
atom do not occur in the region below 1650 cm ™' B8 This observation also correlates with
our results because no C-H stretching modes is indeed found in this region.

The C-H in-plane bending vibrations appear in the range of 900 — 1500 cm " E788],

In this chapter, these vibrational modes are predicted at 1532 (24 %), 1414 (31 %), 1353
(35%), 1232 (68 %), 1073 (73 %), 1043 (49 %) and 864.58 cm ™' (15 %) in case of 8. For 9,
they occur at 1546 (10 %), 1423 (6%), 1382 (23%), 1222 (68%), 1148 (47%) and at 1084
cm ™. A careful analysis of our results shows that these modes of deformation have roughly
large contribution, whether in 8 or 9, in the range 1250 — 1020cm ™.
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Table 4.10 — Potential energy distribution for the deuterated form of 9

Frequency PED Mode Atoms! PED Mode Atoms!
(cm~') (%) h k1 m (%) h k1 m
In - plane modes
2313 87% vC=N 6 7 0 0 11% vCC 3 6 0 0
2292 65% vCD 5 10 0 O 27% vCD 4 9 0 O
2280 94% vCD 2 8 0 0
2254 68 % vCD 4 9 0 O 30% vCD 5 10 0 0
1512 35% vC=C 2 3 0 0 25% vC=C 4 5 0 O
11% vCC 3 6 0 0 5% 5CCD 9 4 3 0
1401 38% vC=C 4 5 0 O 32% vC=C 2 3 0 0
14% vCC 10 3 4 0
1326 42% vCC 3 4 0 0 16% vCC 3 6 0 0
8% vC=C 2 3 0 0
1041 22% vCC 3 4 0 O 18% 5CCD 10 5 4 0
13% 5CCD 9 4 5 0 12% vSC 1 5 0 0
8% 8SCD 10 5 1 0
979 29% vCC 3 4 0 0 24% 5CCD 8 2 3 0
18% 5SCD 8 2 1 O 8% vCC 3 4 0 0
853 21% vCC 3 4 0 0 13% 5CCD 9 4 3 0
9% v3C 1 5 0 0 8% 5CCC 2 3 4 0
7% vSC 1 2 0 0 7% 0SCC 1 2 3 0
776.95 24% 5CCD 10 5 4 0 21% 8SCD 10 5 1 0
21% 5SCD 9 4 5 0 18% 5CCD 9 4 3 0
752 35% vSC 1 2 0 0 32% 5SCD 8 2 1 0
16% 5CCD 8 2 3 0 5% dSCC 1 2 3 0
750 35% vSC 1 5 0 0 32% 8SCD 10 5 1 0
16% 5CCS 4 5 1 0 5% 5CCD 9 4 3 0
16% 5CCC 3 4 5 0
603 27% v3C 1 5 0 0 21% 5CSC 5 1 2 0
9% 5CCS 4 5 1 0 7% 5CCD 8 2 3 0
6% v3C 1 2 0 0 5% vCC 3 6 0 0
520 52% 5 CCN 3 6 7 0 16% 5 CCC 6 3 4 0
13% 5 CCC 6 3 2 0
464 35% vCC 3 6 0 0 13% vSC 1 2 0 0
11% 5CCC 2 3 4 0 9% dSCC 1 2 3 0
™% 5CSC 5 1 2 0
140 55% 5 CCN 3 6 7 O 22% 5 CCC 6 3 4 0
22% 5 CCC 6 3 2 0
Out - of - plane modes
739 28% vyDCCD 9 4 5 10 18% yCCCD 6 3 4 9
10% ~yCCCC 2 3 4 5 8% ySCCD 9 4 5 1
8% yCCN 2 3 4 5 8% ySCCD 3 4 5 1
668 23% vyCCCD 8 2 3 6 17"% yCCCD 9 4 5 10
14% vy CCN 0o 3 6 7 9% vyCCCD 3 4 5 10
™% yCCCD 8 2 3 4 5% vy SCCC 1 2 3 4
541 14% yCCCD 8 2 3 4 9% vy CSCD 5 1 2 8
14% vy CCN 0o 3 6 7 9% yCCCD 3 4 5 10
6% +yCCCD 8 2 3 4 9% ySCCC 1 2 3 4
525 23% ySCCD 9 4 5 1 18% yCCCD 3 4 5 10
17% yCCCD 2 3 4 9 16% vy CCN 0 3 6 7
13% vy CSCD 2 1 5 10 % yCCCD 6 3 4 9
436 53% vy CCN 0 3 6 7 10%  yCCCS 3 4 5 1
6% yCCSC 4 5 1 2 5% yCCCC 5 4 3 6
5% yCCCC 5 4 3 6
403 49% vy CCN 0o 3 6 7 12%  yCCCS 1 2 3 4
11% ~yCSCC 5 1 2 3 6% yCCCC 4 5 1 2
150 40% vy CCN 3 6 7 0 21% ~yCCCC 5 4 3 6
16%  ySCCC 1 2 3 6 1% ~yCCCD 6 3 4 9
9% yCCCD 8 2 3 6

! See scheme 1 for atom numbering.
v: Stretching, §: In-plane bending y: Out-of-plane bending.

According to Balachandran et al. B7 the CH out-of-plane bending deformations appear
in the wavenumber range 800 — 1000 cm ™" . From another work by Louarn et al.BY it was
pointed out that the range of 600 — 1000cm ™' is a complex region that likely contains
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Figure 4.2 — M06-2X/6-31G(d,p) computed gas phase IR spectra (Figures for 8 and for 9)
and Raman spectra (Figures for 8 and for 9).

both in-plane and out-of-plane modes. Our results lend support for this interpretation.
Indeed, the out-of-plane modes are found predominantly in the region between 600 cm™
and 1000 cm™". As shown in the out-of-plane CH modes are centered at 919, 833
and 692 cm™" with 87, 80 and 83% as PED, respectively for 8. Outside of the range quoted
above, this mode appears at 574 and 131 cm™' with only 14% as PED. also shows
this kind of modes predicted at 893, 800 and 689 cm ™' with 89, 79, 81 and 18% as PED for
9. Some in-plane deformations are also observed in this region.

Replacement of H by D, as expected, decreases the frequency of C-H stretching mode.
These modes in both aromatic and aliphatic compounds are experimentally observable in
the range 2000 — 2500cm ™', i.e., in 4 — 5umBU. It was also found that the aromatic CD
stretching mode occurs at 4.40 um and bending CD modes associated with PAHs in the
range of 9—18 um ¥ Our results are quite consistent with these previous findings. Indeed,
for the deuterated form of 8 , the CD stretching modes are predicted to vibrate
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Figure 4.3 — M06-2X/6-31G(d,p) computed gas phase IR spectra (Figures for deuterated 8 and
for deuterated 9) and Raman spectra (Figures for deuterated 8 and for
deuterated 9).

at 2293, 2262 and 2241 cm ™' (i.e., 4.40 —4.46 um). For deuterated 9 , they are
determined at 2292, 2280 and 2254 cm™' (i.e., 4.36 — 4.40 um). The in-plane CD modes
appear in the range of 706-1001 cm™' or 9.99 —14.16 um for 8 and in the range of 750-1041
cm™' or 9.61—13.33 um for 9. Similarly, the out-of-plane CD modes are mainly determined
in the range of 493-765 cm™" or 13.07—20.27 um for 8 and 525-739 cm ™' or 13.53—19.06 um
for 9. From [Figure 4.3} the comparison of IR and Raman results shows that, while the band
corresponding to the in-plane CC=N modes are the strongest ones both in deuterated 8
and 9 Raman spectra, they are almost the weakest in their IR spectra. The same figure
reveals also that the song bands both in IR and Raman spectra are those corresponding to
the CD stretching modes in both deuterated 8 and 9, but also those corresponding to the
C=C stretching mode for 8.
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4.3.3.2 C=C and C-C modes of vibration.

Many literature works ascribe the region of 1300 — 1600 cm™' to the C=C and C-
C stretching modes®! more precisely the region of 1500 — 1530cm ™" corresponds to the
C=C and 1445 cm™ to the C-C. In-plane and out-of-plane bending vibrations of CC group
occur in lower regions of 50 — 360 cm™" with very weak force constants®l. In previous
experimental work by Cataliotti et al. ¥l the C=C stretching modes in liquid state of 8
were observed at 1510 and 1416cm ™' and at 1512 and 1415cm ™' for the IR and Raman
spectra, respectively. The C-C stretching modes are observed at 1354 cm ™' and 1352 cm™
in IR and Raman spectra, respectively.
The ring C=C stretching mode is computed to be centered at 1533 (57%) and 1411 ¢cm ™"
(29%) (ct. [Table 4.5] and |Table 4.6), the contributions being lower than 20% below this
frequency for 8. For 9, they are found at 1546 (57%) and 1423 cm™" (68%) with very small
contribution (8%) at 1084 and 924 cm™'. The ring vC — C modes were experimentally
observed at 1354 (IR) and 1352 cm™' (Raman) in liquid state of 8. In our present results,
these modes are predicted at 1414 (31%), 1135 (9%) and 1043 cm™" (33%) for 8 and at 1381
(39%), 1148 (6%), 924 (12%) and 807 cm™' (5%) for 9.

The out of ring C-C stretching mode (i.e., C-CN) was experimentally observed at
2225 (2223) and 1160 (1159) cm™' in IR (Raman) spectrum of 8. This mode appears at
2226 (12%), 1135 (35%) and at 483 cm ™' (38%) for 8. It emerges also at 2236 (12%), 1148
(21%), 924 (18%) and 468 cm™" (36%) in 9. Our calculated results are therefore in good
agreement with previous experimental findings whether for the C=C or C-C vibrational
modes.

4.3.3.3 S-C modes of vibrations

The vibrational bands of the S-C group were predicted to be found in the region
245 —1035cm ™" with variable intensities both in aliphatic and aromatic sulfides®!. For
instance, in a previous work by Singh et al.F2 the SC stretching mode was assigned to 609,
754, 840, and 873 cm™'. These stretching and in-plan modes are located predominantly in
the above quoted region. For instance, the S-C stretching modes are predicted at 865 (42%),
746 (64%) and 681 cm ™' (38%) in 8; at 855 (71%), 807 (64%) and 633 (30%) and 468 cm ™"
(15%) for 9.

4.3.3.4 C = N vibrations.

The characteristic C=N stretching mode of vibration is easily identified in the range
of 2270—2210 cm B3l Moreover, it has been reported that unsaturated or aromatic nitriles
in which the double bond or ring is adjacent to C=N group, absorb more strongly in infrared
region than saturated compounds, and the related band occurs at somewhat lower frequency,
near 2230 cm 4. This assertion correlates well with our observation as mentioned above.
In fact, either for deuterated forms or non-deuterated ones,but also either for IR or Raman
spectra, our results reveal that the stretching mode C=N gives rise to the second strongest
band after the out-of-plane deformation CH (IR).

For Raman spectra, both the first, i.e., the in-plane bending mode (C=N) and the
stretching mode (C=N) are related to the C=N, this letter being adjacent to a double
bond and a ring in an aromatic compound. This vibrational mode was also observed at
2225cm "Bl In the present work, this mode is predicted at 2226 cm™" (88%) for 8 and
at 2236cm™! (89%) for 9. Both values are consistent with the theoretical results found
by Coruh et al. 3l at B3LYP/6-311++G(d,p) (2224 and 2236 cm™') but also to their FT-
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Table 4.11 — Lowest valence excited singlet states of 1, 8 and 9 obtained using the TD-DFT
(M06-2X/6-31G(d,p) method).

State Eexc Aabs f Transition

compound 1

S1(A7) 6.19 200.17 0.10 H—1-L (84%) : T —

S,(B,) 6.20 200.12 0.09 H—L (91%) : T
compound 8

/ H—1—L (11%) : 7T — 7T

S1(A) 5.44 226.20 0.20 Ho L (84%) : o

H—-1—=1L (81%) : T — 7T

S, (A" 5.85 211.84 0.13 H — L (12%) : T — 7"
compound 9

/ H—-1->L (77%) : 7T — 7t

SiA) 5.56 210.40 0-16 H—-L (12%) : 7T — 7T

/ H—-1->L (12%) : 7T — 7T

S2(A7) 5.64 209.09 0.06 H— L (83%) : T —

H: HOMO (Highest Occupied Molecular Orbital ), L: LUMO (Lowest Unoccupied Molecular Orbital),
Eexc: Excitation energy (in €V), Aqps: Absorption wavelength (in nm). Only electronic transitions
with contributions > 10 are considered.

Raman results (2231 ¢cm™'). There is thus a very good agreement between the present
results and previous experimental results. and Figures and (IR), as well
as Figures and (Raman) show that these bands, both in 8 and 9, are characterized
by high intensities, whether in IR or Raman spectrum. The in-plane and out-of-plane ring-
C=N modes are highly contaminated with neighboring modes and do not, consequently,
have characteristic frequency. In fact, the in-plane ring-C=N modes are found at 510 (38%)
and 145cm™" (55%) for the 7; at 531 (51%) and 144cm™" (53%) in case of 8. Likewise,
the out-of-plane ring-C=N modes are predicted at 574 (32%), 524 (59%), 410 (61%) and
131 cm™! (43%) for 8 and at 624 (39%), 482 (56%), 433 (53%) and 143cm™' (34%) for 9.

4.3.4 UV-VIS spectra

For a prediction of electronic spectra of the molecules considered, we first carry out
time-dependent density functional theory (TD-DFT) calculations for the non-substituted
parent compound 1. The M06-2X functional in conjunction with the 6-31G(d,p) basis set
is used for this purpose, using the predicted geometries (with empirical correction). Sim-
ilar computations are subsequently performed for both compounds 8 and 9. The frontier
orbitals are an important indicator for the determination of the way a molecule interact
with other species because the gap between HOMO and LUMO characterizes the molecular
chemical stability 8. A molecule with a small frontier orbital gap (the gap between HOMO
and LUMO) is more polarizable and is generally associated with higher chemical reactiv-
ity and lower kinetic stability. For this reason, the frontier orbital gap for the molecules
considered are tabulated. We find the frontier energy gaps of 6.1, 5.4 and 5.8 ¢V for 1, 8
and 9, respectively. The energy difference between the two optimized structures of 8 and
9 is about 3kJ/mol. The electronic transitions within frontier orbitals are also involved
in elementary electronic absorption and emission processes. Concerning the polycyclic aro-
matic compounds (PACs), including PAHs that refers exclusively to compounds containing
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Figure 4.4 — Gas phase computed UV-Visible spectrum of compounds 1, 8 & 9 using TD-M06-2X/6-
31G(d,p).

only carbon and hydrogen!. it has been found that these compounds are carriers of the
interstellar UV bump, i.e., a local extinction maximum, at 4.6 um™"' (217.5nm) 697,

It has also been stated that this bump is due to the m — 7* electronic transitions
of the delocalized electrons in sp? hybridized carbon bonds in carbon clusters®%8l Figure
plots the stimulated gas phase UV-visible visible spectra of 1, 8 and 9. The
maximum absorption for these compounds, especially that of 8 (An,x = 216 M) is closer to
the interstellar UV bump. gives the lowest-lying valence excited singlet states. It
shows also the main molecular orbitals (with contributions > 10%) involved in the electronic
transitions. From this Table, only electronic transitions between HOMO — 1 and LUMO
and/or between HOMO and LUMO contribute significantly to UV-VIS spectra. These
molecular orbitals are presented on From this figure, it is clear that all the
orbitals are of m-type. It is therefore confirmed that all electronic transitions involve 7t
electrons, the m — 7t* transitions. It is worthy noting that no experimental data about
these results are available yet.
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4.4 Summary

Quantum chemical calculations on the structures and basic spectroscopic properties,
including geometrical parameters and rotational constants, IR, Raman and UV-VIS spectra
were carried out for both cyanothiophene compounds 8 and 9 with the aim of providing
some basic information for the detection of these molecules that are of great astrophysical
interest. Following the empirical corrections for systematic deficiencies of methods and basis
sets to adjust geometrical parameters, the molecular geometry for the parent thiophene
1 was determined and an excellent agreement with experiment achieved. An agreement
between the available experimental and calculated values for the fundamental vibrational
frequencies of the parent compound 1 was also fulfilled. The same strategy was subsequently
used for both cyano derivatives 8 and 9. Geometrical parameters and thereby the rotational
constants of two cyanothiophene derivatives have thus been obtained. In the present work
i) reliable molecular geometries are provided, ii) a complete description of both IR and
Raman spectra made, including IR frequency assignment on the basis of PED analysis, iii)
both IR and Raman spectra for deuterated derivatives are predicted, iv) electronic UV-VIS
spectra for both 8 and 9 are predicted 8, being expected to absorb the interstellar in the UV
region at 218 nm, the main electronic transitions are elucidated and corresponding Molecular
Orbitals plotted, v) IR and Raman spectral bands for all the fundamental vibrational modes,
including C-D modes, are identified and assigned. We would hope that these predicted
results are helpful to assist astrophysicists and astrochemists in the experimental search of
these aromatic species in the interstellar space.
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CHAPTER 5

ROTATIONAL SPECTRA AND HYPERFINE
STRUCTURES OF 2-CYANOTHIOPHENE AND
3-CYANOTHIOPHENE

5.1 Introduction

Up to now, more than 210 organic and inorganic molecular species have been found
in the planetary atmospheres, comets and the interstellar medium (ISM) of galaxies 1
and most of them were identified on the basis of their microwave and/or infrared emis-
sions. A non-negligible number of them contain the cyano (C=N) group® and were de-
tected in the ISM and circumstellar environments thanks to their rotational emission spec-
tra. Recently detected nitriles include glycolonitrile (HOCH,CN)H!, Z-cyanomethanimine
(z—HNCHCN) Pl isocyanogen (CNCN)El  benzonitrile (c—CzH,CN)Bl silyl cyanide
(SiH,CN) 8l protonated cyanogen (NCCNH ) cyanomethylidyne (CCN)HY isopropyl
cyanide (C,H,CN)M the long cyanopolyyne (HC,,N)B2 etc.

Extensive laboratory and/or observational studies were carried out in order to under-
stand the role of nitriles in kinematic or temperature probes in different ISM environments
and to search for new molecular species. These studies concern molecules from the most sim-
ple such as methyl cyanide (CH;C=N)E318l vinyl cyanide (CH,CHC=N)1317 o complex
ones such as cyanodiacetylene (HC,C=N)H3l ethyl cyanide (CH;CH,C=N)HBIE20" g0
propyl cyanide (i—C,H,C=N)P2 | cyanides of the serie ((HC=C) -C=N) 2223 with n in
range 0—5, the serie (CH,(C=C), —C=N) P4 with n = 0—2, cyanoallene (CH,CCHC=N) &
and aromatic derivatives such as benzonitrile (c—CzH;CN)228l The latter was recently
detected via its gas-phase rotational transitions in the cold core Taurus Molecular Cloud
1 (TMC-1) which is known to display a rich chemistry dominated by unsaturated carbon-
chain molecules such as the cyanopolyynes (HC, N, n = odd number) 228 Benzonitrile
has a six-membered ring and is the second compound of the six-membered cycle detected
in space in general, and in the ISM and circumstellar environment in particular, after the
earlier detection of benzene (C4Hy) via its bending mode v4 in the proto-planetary nebula
CRL 618RT. Beside, the very recently detected five-membered ring, cyanocyclopentadiene
(c—C4H;CN) B8l no five-membered ring else molecular species was detected in the interstel-
lar medium yet.

Aromatic molecules and their substituted derivatives (heterocyclic or not) constitute
an important component of the ISM %0~ Of them, heterocyclic molecules are six-membered
and five-membered with one or more carbon atoms substituted by a nitrogen atom and./or
either oxygen or sulfur atoms. Aromatic heterocyclic molecules have astrobiological rele-
vance as precursors of nucleobasesB. Small heterocyclic five-membered rings have been
detected in carbonaceous meteorites. For instance, benzofurans, a type of O-heterocycle,
have been detected in the Yamato-791198 meteorite, whereas N-heterocycles have been de-
tected in carbonaceous chondrites, including Orgueil, Murchison, Murray, and LON 94102
(nuevo2015n and references therein). S-heterocycles, such as benzothiophene, have been also
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detected in the Murchison carbonaceous chondrite!3. Moreover, in a recent work by B34
thiophene and its methyl substituted derivatives (2- and 3-methylthiophene) and many
other sulfur-bearing compounds were observed in samples of Mudstones gethered from Gale
crater on Mars by gas chromatography - mass spectrometry (GC-MS) analysis. The parent
thiophene was also identified in Murchison and Orgueil meteorites®335  The analysis of
insoluble organic matter (IOM) from two carbonaceous chondrites such as Murchison and
Allende pointed out a non-negligible proportion of thiophene in those materials 8. Through
investigation of isotopic abundance in IOM, the D and '°N excesses observed in it indicate
that thiophene has an ISM origin B73%. Many other studies also supported the likely ISM
origin of IOM; the recent among them being that of 6. Moreover, Lattelais et al.B re-
ported that pyrrole, furan and thiophene are unambiguously the most stable isomers of the
C,H;N, C,H,0O and C,H,S families, respectively, at the 10 —50 K temperatures of the ISM.
Heterocyclyc molecules and their hydrogen substituted derivatives may then exist in differ-
ent ISM environments. However, no ISM detection of one of these heterocyclic compounds
or their substituted derivatives is formally confirmed yet by astrochemists or astrophysicists.

According to the work by Martin et al.P¥ sulfur is depleted in regions where it is
expected to be abundant, especially around young stellar objects where already detected
S-bearing species account for only 0.1% of its estimated cosmic abundance. It has then
recently been suggested that not yet detected gas-phase sulfur-bearing molecules should
play a key role in the observed sulfur depletion®! when one compares its cosmic values
throughout the diffuse and translucent stages of an interstellar molecular cloud, and its
atomic and molecular gas-phase constituents toward lines of sight containing higher-density
environments 2. Therefore, as no S-substituted heterocyclic molecule was yet detected in
the ISM environment, these molecular species are likely interstellar targets. Isomeric forms
of molecular species are of interest in astrochemistry because they can help constrain the
chemical processes leading to their formation and depletion, whether they occur in the gas
phase or on the surfaces of dust particles®3!.

It has been demonstrated that hyperfine splitting plays an important role in ISM
physics. Indeed, a hyperfine splitting allows the measurement of optical depths of molecular
lines, an estimation of molecular column densities without assumptions about the beam
filling factor®. The same report shows also that hyperfine splitting can be used in deriving
the kinematic structure of clouds from observations of molecular line profiles. Moreover,
hyperfine coupling splittings are of particular importance in ISM chemistry because some
of molecular species identified in the ISM are revealed by their hyperfine structures245,

Thanks to the availability of new facilities with high angular resolution and high
sensitivity such as the Atacama Large Millimeter/Submillimeter Array (ALMA)HS new
molecular species are expected to be discovered in a variety of universe environments. Ro-
tational data (including nuclear quadrupole hyperfine information for nuclei with I > 1 and
non-zero quadrupole moments) for not yet detected compounds are very valuable for these
observatories for the detection and identification of new compounds.

For this purpose, a quantum chemical investigation of "*N quadrupole hyperfine struc-
tures of 2-cyanothiophene (8) and 3-cyanothiophene (3 CNT) (cf. and their *S
isotopologues (i.e., 3383 C'°NT and *3S-2 C'®NT), as well as deuterated species (3 C'°NT-
2D and 2C*NT-3D, where 3D = H bonded to C3 is substituted by *H and 2D = H
bonded to C2 is substituted by *H) was carried out. Of these quadrupolar nuclei, only N
quadrupole hyperfine structures were previously studied for 8748 and 9H9. Nonetheless,
through these two works, only X1 (=(xvb + Xcc)) values were unambiguously found; the x_
(=(Xob — Xec)) being set to zero for 9 whereas its determination had been unsuccessful
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for 87, That is, N0 Xaa, Xbbs Xee and Xab values for the "N nucleus either for 8 or 9 were
yet reported. Moreover, for the first time, the **S and D quadrupole hyperfine structures
for 8 and 9 are investigated.

The current work is expected to supplement the existing data for the "N quadrupole
hyperfine nuclei within 8 and 9 and to provide new data for hyperfine structures for the
remaining studied isotopologues. These results are intended to be of great importance for
astrophysicists in the search for new species in the ISM.

5.2 Computational details

The method for the determination of the geometrical parameters for 8 and 9 is de-
scribed in our previous workPY (see Chapter . From calculated rotational parameters
for 8, 9 and some of their isotopologues computed at M06-2X/6-31G(d,p) level of theory
(including the ampirical corrections), the rotational spectra were computed using the SP-
FIT /SPCAT package®! for J up to 100 and at different temperatures. The "assignments"
of rotational transitions as well as the analysis of quadrupole hyperfine splittings are also
done using the SPFIT/SPCAT. The input files for SPFIT are generated using the ASFIT
program of the ASFIT/ASROT package from PROSPE web site253  In order to keep
valuable data, we employ a strength cut off for intensities to account for the decreasing
sensitivity of experimental instrumentation with increasing frequency or to capture lines
with comparable transition dipole moments, as proposed by 54

10LOGINT > 10LOGSTRO + ('V/SOO GHZ)Z % ]OLOGSTRI

where v is the frequency in nm?MHz units at 300 K. The two-dimensionless constants
LOGSTRO and LOGSTR1 were set to —2 and —7, respectively as suggested by Coudert et
al. B3 The selection rule selection rule for the rotational quantum number J gives rise certain
series of blanchs: A] = +1 (R blanch), A] = 0 (Q blanch) and A] = —1 (P blanch). The
selection rules for asymmetric top molecules depend to the components of the molecular
dipole moments Wq, W and p. along the molecular three principle inertial axes since, in
order to have a rotational spectrum, a molecule must hold a permanent dipole moment. For
non vanishing dipole moment, every nonvanishing dipole moment component yields a set
of rotational transitions obeying certain selection rules corresponding to the dipole moment
components: a-type selection rules, b-type selection rules and c-type selection rules. The a-
type selection rule is : AK, = 0(42, 44, ...) and AK, = £1(£3, £5,...); for b-type, we have:
AK, = £1(£3,45,...) and AK, = +1(43,45,...) and for c-type: AK, = +1(+3,45,...)
and AK. = 0(+£2, 44, ...).

5.3 Results and discussion

5.3.1 Molecular geometry

The structural shapes of 8 and 9 are shown on the and the geometrical
parameters summarized in [Table 4.1 [Table 5.1| presents the M06-2X/6-31G(d,p) best pre-
dicted structures (with empirical corrections) of some selected isotopologues of 9 and 2CN
(N7, 37, 3S—3CNT and N, #S~ *S—2CNT). Calculated asymmetry parameters
k957 for 8, 9 and their isotopologues (i.e., k = -0.783, -0.762, -0.774, -0.918, -0.907 and
-0.912 for **3-2C'NT, 2C"°NT-3D, 8, **S-3C'°NT, 3C'>NT-2D and 9, respectively) are
presented in and [Table 5.3] These values show that all the compounds investi-
gated are near prolate asymmetric molecules, with asymmetry parameter closer to that of a
prolate top (k = —1). From these results, it can be seen that 8 and its isotopologues species
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Table 5.1 — M06-2X/6-31G(d,p) best predicted after empirical corrections structures of 9 and 8 iso-
topologues (distances in A°, angles in °)

9 isotopologues’ 8 isotopologues!
Parameters IPN—-3CNT 335-3CNT 34S—3CNT Parameters 15N—-8 3358 3458
Bond lengths Bond lengths
S1-C2 1.7134 1.7130 1.7130 S1-C2 1.7252 1.7252 1.7252
S1-C5 1.7264 1.7260 1.7260 S1-Ch 1.7144 1.7144 1.7144
C2-C3 1.368 1.3684 1.3684 C2-C3 1.3715 1.3715 1.3715
C3-C4 1.4280 1.4279 1.4279 C3-C4 1.4131 1.4131 1.4131
C4 - Ch 1.3684 1.3578 1.3578 C4-Ch 1.3715 1.3715 1.3715
C3-C6 1.4313 1.4320 1.4315 C2 - C6 1.4269 1.4269 1.4269
C6 - N7 1.1560 1.1550 1.1550 C6 - N7 1.1570 1.1570 1.1570
C2 - D8 1.0802 1.0802 1.0802 C3-D8 1.0825 1.0825 1.0825
C4 - D9 1.0819 1.0819 1.0819 C4 - D9 1.0821 1.0821 1.0821
C5 - D10 1.0802 1.0802 1.0802 C5 - D10 1.0806 1.0806 1.0806
Bond angles Bond angles
S1-C2-C3 111.469 111.471 111.471 S1-C2-C3 111.859 111.859 111.859
S1-Ch5-C4 112.096 112.098 112.098 S1-Ch5-C4 112.166 112.166 112.166
C2-81-C5 91.640 91.648 91.648 C2-81-0C5 91.207 91.207 91.207
C2-C3-C4 112.910 112.905 112.905 C2-C3-C4 112.346 112.346 112.346
C3-C4-C5h 111.884 111.879 111.879 C3-C4-Ch 112.423 112.423 112.423
C3-C6 - N7 179.576 179.579 179.578 C2-C6 - N7 179.853 179.853 179.853
C4-C3-C6 124.006 124.009 124.009 S1-C2-C6 121.235 121.235 121.235
S1-C2-D8 121.195 121.196 121.197 C4-C3-D8 125.028 125.028 125.028
C3-C4-D9 123.644 123.649 123.648 C3-C4-D9 124.200 124.200 124.200
S1-C5-D10 119.963 119.965 119.9650 S1-C5-D10 119.826 119.826 119.826

! The atoms numbering order is shown on the scheme 1

are more asymmetric than 9 and its isotopologues compounds. These values compared to
that of thiophene, i.e., k = 0.092 (Table A.14)), are less asymmetric than thiophene whose
value approaches that of the most asymmetric (k = 0). Note that, unlike the other species,
thiophene tends to be oblate. Compound 8, 9 and their isotopologues correspond all to the
representation I" (with I, < Iy < I so that I, < I, < I with x < b,y + c and z + a)
and to the Cs point group. Their parent, thiophene, belongs to the C,, point group. The
analysis of results in [Table 5.2] and [Table 5.3] reveals that, whether for 8 and 9, the studied
deuterated forms are more asymmetric than all the corresponding investigated species.

5.3.2 Microwave spectra

5.3.2.1 Rotational parameters and dipole moments.

The calculated rotational parameters are given in for 8, *3S-2 C*NT and
2CPNT-3D and for 9, ¥S-3C'’NT and 3C">NT-2D. It is of common knowledge
that only molecules with a permanent dipole moment show rotational spectra. Calculated
principal inertial axes dipole moment components are found to be u, = 4.58D, u, =
—0.79D, p. = 0 for 8 and pu, = 4.01D, w, = —0.59D, . = 0 in case of 9
(Table 5.3). Their calculated total dipole moments are por = 4.642D and po = 4.053 D,
respectively. These results are in good agreement with the experimental data for 8 (Lo =
4.51DPY and wo = 4.47 DB and for 9 ( W = 4.13DHN). The results show that total
dipole moments for isotopologues *3S-2 C'*NT, 333-3 C’NT, 2C'>NT-3D and 3C’NT-2D
are very closer to those of their parent molecules. The same results reveal that no c-type
transitions should be expected, all p. components being equal to zero. Principle inertial
moments are also provided in the same tables. Values of these physical parameters show that
components along x and y, i.e., Iy and Iy (or, I and 1) are greater in 9 and its isotopologues
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Table 5.2 — Experimental and M06-2X/6-31G(d,p) calculated rotational parameters for 8, 33S-
2C'SNT and 2C"SNT-3D (a deuterated form of 8 ).

8 333.2CTNT 2C'>NT-3D3

Exp! Exp? Calc Calc. Calc

A(MHz) 5401.350 5402.387 5402.345 5326.958 5094.386

B(MHz) 1816.260 1816.253 1816.263 1756.844 1758.817

C(MHz) 1358.640 1358.614 1359.275 1321.131 1307.430
A](kHz) 0.172 -0.092 0.112 0.107 0.106
Ax (kHz) 19.900 -6.683 4.140 4.092 4.068
AK](kHz) 1.868 2.889 0.173 0.101 0.163
SI(kHz) 0.018 0.098 0.038 0.036 0.038
Sk (kHz) 1.700 -4.852 0.592 0.578 0.534
iLa (Debye) 4.510 4.470 4575 4.572 4.573
up (Debye) 0.860 0.736 -0.787 -0.809 -0.801
e (Debye) 0.000 0.000 0.000 0.000 0.000
Itot (Debye) 4.591 4.53 4.642 4.643 4.643
o (amuA?) 93.565 93.548 94.872 99.203

Ty (amuA?) 278.251 278.253 287.662 287.340

Lec(amuA?) 371.972 371.800 382.536 386.543
Xaa(MHz) -3.810 -26.906 -0.043
Xob (MHz) 2.328 3.512 0.155
Xce (MHz) 1.482 23.393 -0.112
Xab(MHz) 0.483 -7.801 0.119
X+ (MHz) 4.04+0.16 3.810 26.905 0.036
X— (MHz) 0.845 -19.881 0.267
K -0.774 -0.783 -0.762

! From Ref. B, 2 From Ref. B8l; 3 2C'NT-3D indicates that the H atom bonded to C3
(i.e., H8) is replaced by ?H (see [Figure 4.1| for the numbering scheme).

than in 8 and its isotopologues. The opposite is observed for the z components, i.e., values
for I, (I) are lower in the former than in the latter. Moreover, in each set, components
for the commonly stables compounds are lower than those for their isotopologues. For
instance, components for 8 or 9 are lower than those for **S—2 C*NT and 2C*NT—2D
(Table 5.2) or **S-3 C’NT and 3C"’NT—2D . Furthermore, value components
for 2 C'NT—2D or 3 C'?'NT—2D are greater than **S-2 C’NT or **S-3 C**NT (see the same
tables). Taking into account the relationship between line intensity, linestrength and dipole
moment components for a given temperature® it is obvious that the rotational spectra
of different molecular species are dominated by strong a-type transitions and weak b-type
transitions. Moreover, from dipole moment components, both a-type and b-type transitions
of 8 are expected to be stronger than those of 9 . The same conclusions are expected to
be drawn between rotational transitions of 8 and 9 isotopologues, 8 isotopologues dipole
moments being greater than those for 9 .

5.3.2.2 Rotational spectra.

presents both calculated and available experimental rotational transitions
and their corresponding frequencies (in MHz) for 9, 8 and thiophene. A very accurate pre-
diction and an excellent agreement between experimental and predicted spectra is achieved,
except for the line 1044 « 1037 for 9, experimentally found at 39835.700 MHzH¥ and pre-
dicted, in this work, at 39853.474 MHz, i.e., with a deviation vcae — Vexp = 17.774 MHz.
When this line is excluded, the calculation of standard deviations ends up to RMS=0.049
MHz. It is evaluated at 0.275MHz for 8. Concerning the thiophene, the experimental tran-
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Table 5.3 — Experimental and M06-2X/6-31G(d,p) calculated rotational parameters for 9, 33S-
3C'SNT and 3C"SNT-2D (deuterated form of 9 ).

9 %3S-3CTNT 3CTSNT-2D?

Exp! Calc Calc. Calc

A(MHz) 7115.180 7115.536 7086.222 6711.333

B(MHz) 1491.299 1491.039 1432.737 1446.650

C(MHz) 1232.535 1232.725 1191.776 1190.116
Ay (kHz) 0.043 0.046 0.043 0.043
Ak (kHz) 1.97 3.518 3.697 2.426
Ay (kHz) 1.028 0. 964 0.912 0.968
55 (kHz) 0.0089 0.010 0.009 0.010
ok (kHz) 0.670 0.693 -0.100 0.674
tq (Debye) 4.090 4.011 4.010 4.012
up (Debye) 0.560 -0.587 -0.592 -0.576
ue (Debye) 0.000 0.000 0.000 0.000
ot (Debye) 4.130 4.053 4.053 4.053
Toa(amuA2) 71.050 71.025 71.319 75.302

Typ (amuA?) 338.988 338.944 352.738 349.344

Ioo(amuA2) 410.155 409.970 424.056 424.647
Xaa(MHz) -3.813 2,262 20.080
Xob (MHz) 2.157 -19.480 0.196
Xee (MHz) 1.657 21.747 0.117
Xab (MHz) 0.553 14.561 -0.073
.+ (MHz)? 4.1240.06 3.814 2.267 0.313
X (MHz)* 0.000 0.500 41227 0.079
K -0.912 -0.918 -0.907

! From Ref. 9 2 3C"SNT-2D indicates that the H atom bonded to C2 (i.e., H8) is replaced by
2H (see |[Figure 4.1f for the numbering scheme); 3 X+ = Xvb + Xecs 3 X— = Xvb — Xce-

sitions marked with asterisks in are not theoretically reproduced in this work.
When these transitions are excluded, we find a smaller error RMS ~ 0.086MHz, whereas
this RMS value increases up to 7.486 MHz, when they are included. presents
simulated spectra for 8 (in red color), 9 (green color) and thiophene (blue color) at T = 10 K.
As expected, the thiophene with a total dipole moment almost equals to zero o = 0.571 D
has spectral line intensities very low compared to those of 8 and 9 . Its spectrum is thus
too weak to appear in front of 8 and 9 spectra (with e = 4.053D and o = 4.642D,
respectively).

Detailing the computed spectra at a temperature T = 300K, especially, in the fre-
quency range under study (3—300G Hz or 1 mm — 10 cm) and for J up to 100, 5820 a-type
rotational lines are identified for thiophene. A further analysis of these lines shows that
2571 among them are of “R—type and 3249 of “Q—type transitions. No *P—type transitions
found to fulfil the intensity cutoff condition. We expect to find stronger transitions for
AK_; = 0 and AK_; = £1. However, due to its low Wt = He dipole moment, as shown in
[Table A.14] all these transitions exhibit very low intensities, recalling that the line intensity
strongly depends on the line strength value and the dipole moment components, through
the factor *Sp2 (where i and f are initial and final states, respectively, and p, the dipole
moment component along an axis x) &4,

Regarding 8, about 40987 rotational transitions are identified and assigned in the same
conditions as above. Among them, 20530 lines are of the a-type, whereas, the remaining
20457 ones are of b-type. Relying on its dipole moment components , the pre-
dicted spectrum of 8 should contain strong a—type transitions and b—type weak ones. As
a matter of fact, the 20530 a—type transitions are grouped into 5460 “P—, 4583 *Q— and
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Table 5.4 — Comparison of experimental and calculated (using calculated rotational parameters in
Table 5.2) rotational transitions and their corresponding frequencies v (in MHz) for 9, 8
and thiophene

3CNT 8
Transition® Vepr Veal Veale — Vexp Transition® Vexp© Veal Veale — Vexp
414 313 10360.955 10360.887 -0.068 313212 8813.580 8813.565 -0.015
404 — 303 10808.667  10808.668 0.001 303 «— 202 9362.600 9362.529 -0.071
413312 11394.832 11394.827 -0.005 322221 9524.150 9524.569 0.419
431 322 39684.917  39684.917 0.000 321250 9687.110 9686.663 -0.447
432 — 32] 39639.960 39640.070 0.110 31 2 — 21 1 10184.150 10184.122 -0.028
515 414 12935.946 12935.955 0.009 331220 28583.180  28583.368 0.188
505 «— 404 13447.532 13447.575 0.043 330 «— 221 28626.490  28626.744 0.254
514 «— 413 14225.926 14225.900 -0.025 414 313 11708.570  11708.583 0.013
616 515 15501.884  15501.879 -0.005 404 — 303 12307.400 12307.352 -0.048
615« 514 17044.135 17044.183 0.048 413312 13525.070 13525.268 0.198
634 < 625 28924.770  28924.706 -0.064 515 414 14573.020  14573.157 0.137
707 ¢ 606 18607.678 18607.688 0.010 505 «— 404 15136.840 15137.039 0.199
726 625 18999.006 18999.006 -0.000 514 «— 413 16813.370  16813.480 0.110
761 ¢ 660 19090.700 19090.695 -0.005 615 — 616 9421.100 9421.329 0.229
752 ¢ 651 19097.433 19097.399 -0.034 652 < 551 19152.070  19151.588 -0.482
725 ¢ 624 19457.790 19457.715 -0.075 651 ¢« 550 19152.070  19151.633 -0.437
716 ¢« 615 19846.074  19846.080 0.006 634 < 533 19215.810 19215.625 -0.185
717 ¢ 606 21567.419  21567.407 -0.012 633 532 19340.400 19340.442 0.042
818717 20603.020  20603.005 -0.015 615 514 20027.360  20027.394 0.034
808 — 707 21128.545  21128.540 -0.005 624 523 20035.740  20035.682 -0.058
827726 21684.306  21684.299 -0.007 716 — 717 12353.200 12353.547 0.347
871770 21816.941  21816.921 -0.020 707 ¢ 606 20561.190  20561.391 0.201
862 — 761 21822.904  21822.909 0.005 717 < 606 21199.660 21200.314 0.654
826 725 22345.263  22345.289 0.026 726 ¢ 625 21908.810  21908.759 -0.051
817716 22627.461  22627.467 0.006 744 ¢ 643 22423.150  22423.104 -0.046
818707 23562.613  23562.724 0.111 743 ¢ 642 22435.990 22435.824 -0.166
8,7« 813 22057.226  22057.179 -0.047 818717 22990.070  22989.970 -0.100
836 — 827 29242.617  29242.586 -0.031 818707 23628.450  23628.893 0.443
931 « 830 24543.122 24543.101 -0.021 845 — 744 25673.160 25672.841 -0.319
972« 871 24548.659  24548.652 -0.007 845 +— 836 26594.390  26593.689 -0.701
919« 808 25571.786  25571.786 0.000 854 «— 845 34088.820  34089.103 0.283
909 «— 818 21182.199 21182.168 -0.031 927 — 928 8870.200 8870.000 -0.200
10010 < 909 26079.562  26079.578 0.016 946 — 845 28934.620 28934.351 -0.269
1001 « %90 27269.214  27269.200 -0.014 945 844 29015.260  29015.041 -0.219
1020 «— 913 38820.194  38820.168 -0.026 97— 8¢ 30451.290 30451.199 -0.091
1046 «+ 1037 39835.700  39853.474 17.774 1028 «+ 1029 11856.850  11856.950 0.100
1079 10710 13925.416 13925.316 -0.100 1239 «— 12319 7305.140 7304.923 -0.217
13121 « 12120 35446.781  35446.786 0.005 133170 < 13311 10156.050 10156.256 0.206
13112 «— 12914 35451.698  35451.711 0.013
13112 «— 12114 36056.942  36056.937 -0.005
13310 «— 1230 36080.816  36080.807 -0.009
14137 «— 13130 38172.338  38172.349 0.011
15114 < 15715 28124.106  28124.332 0.226
171 16 & 17] 17 34056.248 34056.127 -0.121
202 18 ¢ 202 19 28702.487 28702.478 -0.009
Thiophened
To1 <000 8654.041 8653.918 -0.123 212111 15125.590 15125.443 -0.147
211110 19490.534  19490.380 -0.154 312313 12833.981 12833.968 -0.013
313212 22202.321  22202.290 -0.031 303 — 202 23044.130  23044.091 -0.039
322 294 25962.050  25962.096 0.046 452 — 453 9061.310 9061.346 0.036
413444 20212.550  20212.556 0.006 633 ¢ 634 11099.734  11099.697 -0.037
743 — 744 6139.040* 6139.035 -0.005 954 «— 955 6958.820* 6958.544 -0.276
Mgs5 « 166 7605.258* 7604.475 -0.783 1587 « 1533 8475.693* 8472.996 -2.697
1798 «— 1790 8737.352* 8733.180 -4.172 19109 «— 191010 8903.731* 8897.709 -6.022
219110 <« 2197111 8987.693* 8979.435 -8.258 231217 « 231212 9000.604* 8989.725 -10.879
251312 < 251313 8952.582* 8938.702 -13.880 271413 «— 271414 8852.656* 8835.414 -17.242
291514 < 291515 8708.901* 8687.957 -20.944

af’/ "
Tk v, < Tk ks

b [T, c @9, d[58]

* Frequencies measured by WG-MWFT 58]
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Figure 5.1 — Simulated rotational spectra for 8(in red color), 9 (green color) and thiophene (blue
color) at temperature T = 10K.

10487 a“R—type transitions. Likewise, the 20457 b—type transitions are grouped into 7074
"P— 6093 *Q— and 7290 °R—type transitions. As expected, Table reveals that all
the b—type transitions are weak. Concerning the 5460 “P— transitions, as shown by their
low absorption coefficients (< 10~8¢m™"), they are also very weak. Likewise, 1609 “R—type
transitions characterized by A|[K_4| > 2, and |AK,;| > 1 are also, as b-type and *P—type
transition, weak. Only “R—type transitions characterized by AK_; = 0 and |AK 4| = +£1
are strong lines (almost all of them have |AK 4| = T). We identify 8878 lines of this type
for 8.

Finally, concerning 9, 17575 lines are predicted in the domain and conditions quoted above.
The spectrum of this molecule 9 presents strong a—type and weak b—type transitions. The
17575 transitions are then grouped into 10672 a—type and 6903 b—type transitions. As
in case of 8, the strongest lines are of “R—type transitions characterized by AK_; = 0 and
|AK 4| = £1. This is the case for 9068 lines, the remaining 98 *R—type lines, as well as
1506 “*Q—type, being weak. No P-type lines fulfilling the cutoff line strength condition are
identified. In general, whether for 8 and 9, computed spectra are characterized by stronger
a—type and wheak b—type. No b—type transitions were identified among the stronger lines
found in section 5.3.2.4 (see [Table 5.5-[Table 5.7/ and [Table 5.10f-[Table 5.12)).

5.3.2.3 Isotopic analysis

The increased sensitivity and high spectral resolution of millimeter telescopes allow
an increasing number of isotopically substituted molecules in the interstellar medium to
be detected®). The microwave spectral data for different isotopologues are very valuable,
especially, in searching for new species in the universe. In fact, the isotopic species that
should be concerned by the study are 3*S, 33S, 13C,"C, >N and *H (or D).
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Studies on isotopic abundance in ISM were performed 64 For instance, the com-
parison between terrestrial isotopic abundance and that of the star IRC + 10216 performed
with Kahane and his/her coworks® has shown that 2*Si/??Si=19.6 (earth) and 18.7 in the
star, [*®Si]/[*°Si]=29.8 (earth) and 28.6 in the star, [**S]/[*'S]=22.5 (earth) and 20.2 in the
star, [*2S]/[**S]=125 (earth) and 100 in the star, [**S]/[**S]=5.5 (earth) and 5.7 in the star,
[*2C]/[**C]=89 (earth) and 47 in the star, ["*N]/[**N]=277 (earth) and >4400 in the star.

The D/H ratio was found to be in the range 1.26 — 1.49 in the different terrestrial
environments while it can reach 10.90 in the atmoshere of Mars®3. From these results, it
can be seen that the isotopic abundance on the earth differs significantly from that in the
space for nitrogen. It is almost the same for sulfur. Whereas, the N isotopic composition
varies by no more than 2%, it can reach 500% in the solar system®. The survey of the
literature shows that the [**N]/['°N] ratio is in the range 100— ~ 5000 in the different ISM
environments (see Wampfler et al. I and references therein).

A deep analysis of rotational spectra of isotopologues and isotopomers at the same
time and same conditions as quoted above would yield a huge amount of results that we can-
not deal with. Consequently, we now investigate some of them, especially, species containing
only one quadrupolar nucleaus, i.e., N, 33§~ 3S—_3CNT and ®N, 335", 3'S—2CNT.
Beside this set, rotational spectra of 3*S— and ""N—3CNT for which experimental rota-
tional constants and a small number of rotational lines are available in the literature are
also analyzed and the results compared with the experimental data. [Table 5.2 and [Table 5.3]
list predicted rotational parameters (rotational and centrifugal distortion constants, dipole
moment components, inertial principal moment components and nuclear quadrupole cou-
pling constants) for 33S-3CNT; 3'S-, ®N-, 33S-2CNT and deuterated forms, recalling that
experimental data are not yet available.

Microwave spectra for 3*S—, "N—3CNT are simulated and a comparison to exper-
imental results is done for transitions having experimental data as shown in [Table A.T5|
From this table, a good agreement between calculated and experimental results is again
achieved with a RMS = 0.072 MHz for 3*S-3CNT and RMS = 0.029 MHz in case of ""N-
3CNT. Considering all calculated rotational transitions, we obtain 20598 lines for (>N-
3CNT) and 13465 lines for 3*S-3CNT. The 20598 of "N-3CNT are grouped into 11525
a—type and 5270 b—type lines whereas the 13465 lines of 3*S—3CNT are subdivided into
8192 a—type and 5273 b—type lines. As for their parent molecule, both 3*S—3CNT and
IN-3CNT spectra are dominated by stronger a—type, especially, “R—type lines character-
ized by |AK_;| = 0, and |AK 4| = 1. (i.e., 6801 lines for 3*S—3CNT and 9661 in case
of PN-3CNT). Their rotational spectra have comparable peak intensity (comparable ab-
sorption coefficients ot = 1.90 x 10%cm ™" for "N—3CNT and o, = 1.92 x 10°cm ™! for
3S—3CNT) and, consequently, of comparable intensity with their parent molecule 9 . The
2Q—type and *Q—type transitions (°R—, ®Q—type transitions, as well as “R—type transi-
tions with |AK_;| > 2) are weak for both isotoplogues. A high chance of detectability for
these two compounds is again expected at high values J, around the same range of frequency.

5.3.2.4 Hyperfine structure analysis and optimum region of detectability.

The hyperfine spectra of 9 and 8 at different temperatures (i.e., at 8.6, 10, 30 and
150 K) are shown on Figures and [5.2b], respectively. The analysis of hyperfine spectra
for these molecular species and their isotopologues is done taking into account the environ-
mental conditions of the place in the ISM where they are likely to be observed. In fact,
the investigated species are all unstaturated aromatic compounds with a number of atoms
greater than six. They are then classified among complex organic molecules. Complex
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Figure 5.2 — Rotational spectra of 8 (5.2a) and 9 (5.2b)) for temperatures T = 8.6 (red), 10.0 (green),
30.0 (blue) and 150.0 K (magenta color).

organic species have been widely detected in hot cores embedded in high-mass star form-
ing regions, but also in low-mass hot corinos where their formation towards warm sources
is well reproduced by the so-called warm-up scenario®. More specifically, the molecular
compounds in this study are therefore likely to be observed in cold dense regions like the
TMC-1 (T ~ 10K) which is known to be rich in unsaturated complex molecular species/®.
The temperature in cold cores is evaluated at T ~ 8.6K to T ~ 10KI™  Unsaturated
complex species are also found in the so-called lukewarm corino L1527 (T ~ 30K) which
is known also to contain significant abundances of complex molecules, including negative
molecular ions 6

As then shown by the figures quoted above, the line intensity decreases with the
increase of the temperature whereas the frequency coverage region increases with the tem-
perature. Indeed, results in these figures show that, for T = 10 K, for example, the frequency
coverage is up to &~ 100000 MHz ~ 100 GHz, whereas for T = 10K, the frequency coverage
reaches up to ~ 300 GHz. Regarding the relationship between the line intensity and the
temperature, the same results reveal that the line intensity at T = 10K, for example, is
about 20 times that at T = 150K. Concerning the peak intensities for the investigated
temperatures, the results that they are located in the region around 40 GHz for tempera-
tures ranging from 8.6 — 10K and for values of | around 15. [Table 5.5 and [Table 5.6] present
strongest transitions at different temperatures (T = 8.6, 9.375, 10.0 and 30.0K) for 8 and 9,
respectively. For temperatures around 30K, the maximum peak intensity is found around
71 GHz and for J around 22 (Figure [5.2aj and [Table 5.5/ for 8 ; Figure|5.2b|and [Table 5.6| for
9 ). Likewise, the comparison of results in Figures|5.2af and [5.2b|shows that transition lines
are stronger for 8 than of 9 . In the same way, line intensities for isotopologues and for each
of the two species were compared as shown on and in From Figures
[.3a] and [5.3D] one can see that the brightest lines for each isotopologue appear in the same
region of frequency as the brightest ones for its parent. Moreover, whereas, line intensities
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are remarkably different for different temperature in case of 8 isotopologues, the difference
is not noticeable for 9 isotopologues. Furthermore, the results in show that, at
temperatures prevailing in the cold cores, where the species are expected to be found, most
intense lines correspond to | in the range 12 — 17 and in the frequency range 36 — 43 GHz
both for 8, 9 and the investigated isotopologues.

Table 5.8 — Experimental and computed hyperfine splittings for 8

call esz Il’lt.d Veal A14 V05 Vex‘pb A27
],’L]KH —Jx k., F «F F —F
87 8T 56470 22338.0030 -0.3802
761 660 7o SBOAT 22338 LTTO 00T 22338.3832  22338.6820  -0.2088
65 65 41022 223387946 04114
and
8§ 7 5.6470  22338.0008  -0.3802
762 — 661 T8 ree 8007 2o3381T51 02050 92338.3810  22337.7040  0.6770
6 — 5 41922 223387924 04114
109 1049 92348 28712.2775  -0.3034
951 — 850 18, e Jaods  28712.5809  28712.8800  -0.2091
87 87 T.3539 28712.9015 03206
and
10 9 0.9348  28712.2775 -0.3034
952 851 Go8 oes GRS 28TI2S80T 00012 og712.5809  28712.0700  0.5109
87 73539 287129015  0.3206
1110 1110 112763 31899.3835 -0.2748
1091 — 950 e 101807 31800-a701  0I810 31809.6583  31899.9310 -0.2757
98 9«8 91956 31899.9474 02891
and
11 10 11.2763  31899.3835  -0.2748
1002 91 BN 1009 {0817 318094701 D101 31890.6583  31899.1110  0.5473
98 0.1956  31899.9474  0.2891
1211 12 11  25.9641 35109.1188 -0.2028
1192 1001 e T O T aad 35109.3216  35109.6360 -0.3144
109 109 215836 351095335 0.2119
and
12 11 25.9641  35109.1188  -0.2028
193 « 1055 B9 110 230103 3000 AT0 DLy 35100.3216  35100.1630  0.1586
10 — 9 215836 35100.5335  0.2119
1211 1210 134570 35086.3477 -0.2191
Mot — 10100 15 19 122082 300804200 Jaree  35086.5668 35086.8810 -0.3142
109 119 111866 35086.8620 0.2052
and
12 11 13.4570  35086.3477  -0.2191
1102 « 10101 10 11eq0 122082 350864259 01109 35086.5668  35086.2010  0.3658
10— 9 11,1866 35086.8620 02052

Tcal & 2exp: calculate & experimental hyperfine components; 3Int: Intensities in x 10" nm?MHz;

#*A1 = Veal — Vo in ; >Vo: hypothetical unsplit line frequency (in MHz); 6 Vexp: experimental frequency

components (in MHz) from BT 7A, = vy — Vexp-
Isotopic species that should be concerned by this quadrupole hyperfine study are **S, *S,
13C,C, N and ?H. However, only nuclei characterized by a spin I > 1 and a nonzero
quadrupole moment could cause hyperfine quadrupole splittings and give rise to a hyperfine
structure in each rotational transition. For the thiophenes considered, this should be the
case for "N (I =1), 2H (I = 1) and 33S (I = 3/2), *C being not concerned as its nuclear
spin [ =1/2< 1.

The hyperfine coupling constants of these quadrupolar nuclei for 8 and 9 are presented
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Figure 5.3 — Hyperfine spectra of (a) 2C"*NT (1), 2C">NT-3D (2) and **S-2C'>NT (3); (b) 3C'*NT
(1), #38-3C'°NT (2) and 3C'>NT-2D (3) (red, green and blue colors for N, 33S and
2H quadrupolar nuclei, respectively) for T = 10 K.

(respectively) in (Table 5.2f and [Table 5.3, The calculated values [in (Xaa, Xoby Xcey Xaby X+
and x_) format| are (-3.810, 2.328, 1.482, 0.483, 3.810, 0.845 MHz) and (-3.813, 2.157, 1.657,
0.553, 3.814, 0.500 MHz) for the "N quadrupolar nucleus (respectively) for 8 and 9. They
are (-26.906, 3.512, 23.393, -7.801, 26.905, -19.881 MHz) and (-2.262, -19.480, 21.747, 14.561,
2.267, -41.227 MHz) for the **S nucleus (respectively) for 8 and 9 . The hyperfine coupling
constants are also (-0.043, 0.155, -0.112, 0.119, 0.036, 0.267 MHz) and (-0.080, 0.196, 0.117,
-0.073, 0.313,0.079 MHz) for the *H nucleus (respectively) in 8 and 9.

The experimental N quadrupole coupling constants (x, = 4.12 £ 0.06 MHz and x_0 for
9 and y, = 4.04 4 0.16 MHz for 8#7) were derived from observed hyperfine structures.
However, no individual quadrupole coupling constants (Xaa, Xboby Xce and Xqp) are reported
yet. For 8, the determination of x_ was unsuccessful ®%. A comparison between theoretical
and the experemental x. values shows a good agreement, the calculated and
Table 5.3) values both for 9 and 8 being a bit smaller than the experimental ones. For
instance, the computed x, values of 3.18 and 3.81 MHz for 8 and 9 (respectively) deviate
from the experiment (4.04 and 4.12 MHz in the same order) of ~ 0.4 MHz . Similarly,
computed x_ values amount to 0.85 and 0.50 MHz for 8 and 9 respectively. The deviation
from the experiment is ~ 0.9MHz for 9.

Table 5.9 — Experimental and computed hyperfine splittings for 9

calt exp” Int.? Veal NG Vo© Vexp© A7
Jk k. &< Jk k., F &F F «F
87 87 58556 19097.3442 -0.0547
752 651 e 2o41% Jaoarasts DO 19097.3989  19097.6480  -0.2491
65 65 43470 19097.4079  0.0090
and
(Continued)
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Table 5.9 — (Continued)

call exp” Int.3 Veal Ar? Vo© Vexp® A7
],’<71K+] — Jk k., F/ «F F' «F
o T
— . . -U.
753 ¢ 652 g8 Te6 2Rl 100073018 00043 19097.3961  19097.0000  0.3961
65 4.3470  19097.4051  0.0090
TSI
— . . -U.
65 65 2.3293  19090.7192  0.0245
and
1 B e guo
— . . -U.
762 ¢ 661 g8 Te6 FEsn 100006984 00037 19090.6947  19090.0140  0.6807
6+ 5 2.3293  19090.7192  0.0245
§o ocs T Amam g
— . . -U.
76 76 5.9463  21822.9275  0.0183
and
f=: T e o
— . . -U.
863 ¢ 762 ey 8T ZINE 518550161 00070 218229091  21822.4660  0.4431
7«6 5.9463  21822.9274  0.0183
g0 oo s mewn du
— . . -U.
76 76 3.1459  21816.9505  0.0300
and
9 § %.0?19 21216.%218 -8.8527
8 — 0785 21816.8843  -0.0362
7«6 3.1459  21816.9505  0.0300
10 <9 10 9 9'7%71 23528,6292 -0.0223
98 8.679 24548.639 -0.0125
87 8+ 7 7.7464  24548.6856  0.0337
and
D o wee 4o
— . . -U.
8«7 7.7464  24548.6856  0.0337
Pog Moo 3k s oo
— .045 543. -0.01
8«7 87 4.0571  24543.1434  0.0429
and
D o e gou
— . . -U.
952 ¢ 8s1 Tel0 968 52005 51mda 1300 00295  24543.1005 245425640  0.5365
8«7 4.0571  24543.1434  0.0429

Tcal & Zexp: calculate & experimental hyperfine components; 3Int: Intensities in x10~"nm?MHz;

*A1 = Veal — Vo in ; 3vo: hypothetical unsplit line frequency (in MHz); 6 Vexp: experimental frequency

components (in MHz) from l49]; Ay = Vo — Vexp-
Referring to the orientation of the principal axis of the coordinate system of 2-cyanofurane
(x_ = 0.96 MHz) and that of 8 which are similar and comparing their x, ,#7 suggested that
their x_ values should also be approximately the same. Nevertheless, our results show that
the x_ value for 8 is about two times larger that of 2-cyanofurane.
Calculated nuclear coupling constants for 8 and 9 in comparison with those of some other
homo or heterocyclic rings (Xaa = —4.332, X = 2.120) for 4-cyanopyridine (N of the cyano-
group) ™| (xaa = —4.237, Xob = 2.289, Xcc = 1.949) for benzonitrile™ and (x.q = —4.908,
Xob = 1.434, X = 3.474) for pyridine™%1)) show that the quantities are in the same
order of magnitude for both these aromatic compounds. Consequently, their structures and
orientation within their inertia principle axes systems are similar.

The calculated inertial defect Al = I, + Ipp — I &= 0.001 amu. A2 for both 8 and 9
(it is zero for thiophene) confirms the planarity of their structures.
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Table 5.10 — Line profile parameters for stronger lines computed from the calculated Xaqa, Xob, Xecc
and xqp hyperfine constants at 10.0 K for 8.

Jk ik & le,ﬂm FreF Veat! Vo? FWHM?
(MHz) (MHz) (kHz)
12 « 12 42933.1484
13 « 12 42933.3901
13511 «— 12219 14 « 13 42933.5660 42933.4854 188.386
12 «— 11 42933.5821
13 « 13 42933.7904
15 « 15 42127.2362
15« 14 42129.4683
15015 — 14014 14 « 13 42129.4982 42129.4885 47.096
16 «— 15 42129.5064
14 « 14 42131.8902
15 « 15 42120.7039
15« 14 42122.9390
15115 — 14114 14 « 13 42122.9675 42122.9580 42.387
16 « 15 42122.9757
14 « 14 42125.3626
11 « 11 40017.8781
12 « 11 40018.3118
12210 « 11129 13 « 12 40018.4548 40018.3895 211.934
11 « 10 40018.4711
12 « 12 40018.8551

Vlul: Computed line frequencies from calculated Xaa, Xbb, Xcc and Xqb hyperfine constants; vﬁ: Calculated line

profile central frequency; FWHM?3: Line profile FWHM

[Table 5.8| and [Table 5.9 compare the calculated and the experimental hyperfine coupling
splittings for 2 C*NT and 3 C*NT. An agreement is observed between the calculated and
experimental data in both these two tables. The analysis of observed data in for
2 CUNTHA and for 3 C*NTHY especially in terms of observed rang for the values
of ], shows that these transitions are very weak with intensities of the order of 107 nm*MHz
(see the two tables).

Returning on the calculated hyperfine structures, a deep analysis of hyperfine coupling
splittings for 8, 9 and their isotopologues (Table 5.5| [Table 5.6/ and [Table 5.7} respectively)
reveals that the computed hyperfine components are characterized by AF = +1 whether
for 8, 9 and their isotopologues. As can be seen in [Table 5.5] and [Table 5.6, components
corresponding to AF = 0 are extremely weak in comparison with those characterized AF #
0. It is worth noting that, for each spectral line in both 9 and 8 and their deuterated
isotopologues, the strongest hyperfine splitting component is that corresponding to F/(=
J'+1) « F'(=J') and the one characterized by F'(= J") « F'(= J') and finally that
characterized by F/(=]') « F'(= ]’ —1). For example, the spectral terms for the brightest
transition Jl’<,1K+1 = 14413 J£71K+1 =131p0fQareF/ =15« F =14 F =14« F =13
and F/ = 13 +~ F" = 12 in the descending order. In contrast, as shown in for *3S-
2CNT and **S-3C"NT, the strongest hyperfine splitting component is that corresponding
toF' =] 42« F' =]'+1, followed by the one characterized by F/ =] +1 « F' =]" 41,
followed by the one characterized by F = J" «— F* = J" and then that characterized by
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Table 5.11 — Line profile parameters for stronger lines computed from the calculated Xaa, Xob, Xcc and
Xab hyperfine constants at 10.0 K for 9 (frequency in MHz, FWHM in kHz).

Jk k. & le,ﬂm F/e F/ Veat! Vo? FWHM?3
14 « 13 38618.2354

]4] 13 < ]31 12 15« 14 38618.3171 38618.2778 94.193
13 « 12 38618.3191
15« 14 41136.0488

15114 14413 16 « 15 41136.1332 41136.0925 87.128
14 « 13 41136.1357
15+ 14 38288.5190

15015 «— 14p14 14 + 13 38288.5541 38288.5410 68.290
16 «+ 15 38288.5597
16 « 15 40735.4680

16016 «— 15015 15« 14 40735.4976 40735.4867 47.096
17 « 16 40735.5029

vlaL: Computed line frequencies from calculated Xaa, Xbb, Xce and Xqp hyperfine constants; v%: Calculated line profile

central frequency; FWHM3: Line profile FWHM

FF=] —1«F =]"—1. For each molecular species, the four strongest lines are fitted by
a gaussian function so that its profile is :

BV) = e~ (rvo)?/20?

where v, is the line center frequency and o is such that the full-width at half maximum
(FWHM) is given by v/8In2g. [Table 5.10| and [Table 5.11| compare the transition character-
istics (line profile parameters) of four strongest lines for 9 and 8, respectively. These results
are also compared in turn to those of **S and D isotopologues in also shown on

As expected, the line profiles results reveal that the more the line is intense the higher
is its FWHM. Moreover, the comparison of transitions at different temperatures shows that
the strongest transitions at a given temperature are not the strongest ones at another. But,
for closer temperatures such as those prevailing in cold cores (T =~ 8.6 — 10K), a strong
transition at a given temperature remains among the strongest transitions in this range.
The temperature plays then a great role in molecular detectability. The analysis of Figures
and shows that line intensities at high temperatures (at 150 K for example) are
extremely week compared to line intensities at low temperature. The analysis of 8 and
9 line profile parameters and , respectively), reveals that rotational
spectral bands are broader for 8 than 9 . However, two spectral bands corresponding to the
transitions 15915 ¢ 140,14 and 15715 < 14414 centered at 42129.4885 and 42122.9580 MHz
(respectively) are very narrow in comparison to others (including those for 9 ). These N
quadrupole hyperfine line intensities are also compared with those of *S and D m
and Figures for 8 and [5.2D] for 9 . From the analysis in the three tables, it can be
deduced that either for 8 or 9, "N quadrupole hyperfine lines are a bit stronger than
those arising from *3S and D quadrupole nuclei. Comparing, in turn, hyperfine lines arising
from the **S and D nuclei, the results show that 2 C*?’NT-D lines are stronger than those
of #8-2CNT (Figure , the reverse being revealed for 9 isotopologues (Figure .
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Table 5.12 — Line profiles for the first strongest lines for deuterated 2C'">NT — d3 and 3C'>NT — d;;
for 335 —2C'>NT and 33S — 2C">NT at 10.0 K.

Trans.' Fl Veal? Voo FWHM? Trans.® Fl e Veal? Voo FWHM*
(MHz) (MHz) (kHz) (MHz) (MHz) (kHz)
2C'SNT — d; 3C"NT —d,
13 « 13 41338.4341 15 « 15 39725.6274
12 « 11 41338.4693 14 « 13 39725.6573
13217 « 12210 14 « 13 41338.4702 41338.4739 9.419 15714 « 14713 16 « 15 39725.6580 39725.6615 11.303
13 « 12 41338.4780 15 « 14 39725.6653
12 « 12 41338.5170 14 « 14 39725.6979
14 « 14 40535.8008 14 « 14 37309.4025
16 « 15 40535.8666 13 « 12 37309.4396
15015 «— 14014 14 «— 13 40535.8668 40535.8673 3.885 14713 « 137112 15 « 14 37309.4404 37309.4437 10.597
15 « 14 40535.8681 14 « 13 37309.4474
15 « 15 40535.9297 13 « 13 37309.4880
14 «+ 14 40530.8980 15 « 15 39325.6626
16 « 15 40530.9639 17 « 16 39325.7148
15115 « 147 14 14 « 13 40530.9641 40530.9645 3.838 16016 « 15015 15 « 14 39325.7148 39325.7161 4.003
15 « 14 40530.9653 16 « 15 39325.7175
15 « 15 40531.0271 16 « 16 39325.7664
13 « 13 37923.6860 15 « 15 41250.4623
15 « 14 37923.7504 14 « 13 41250.5398
14914 — 13013 13 « 12 37923.7506 37923.7511 3.815 15213 « 14512 16 « 15 41250.5402 41250.5405 3.061
14 « 13 37923.7520 15 « 14 41250.5410
14 « 14 37923.8120 14 « 14 41250.6241
335 —2CTNT 335 —3CTNT
14 « 14 41700.3344 14 « 14 39748.9164
13 « 12 41704.7914 15 « 15 39749.1145
14 « 13 41704.7921 16 « 15 39749.1541
13211 « 12210 12 « 11 41705.1473 41705.1480 2.355 15114 « 1473 15 « 14 39749.2069 39749.7542 0.754
15 « 14 41705.1480 17 « 16 39749.7542
13 « 13 41705.3304 14 « 13 39749.8350
12 « 12 41709.6060 16 « 16 39750.0669
13 « 13 37294.6591
15 « 14 40962.3584 14 « 14 37295.4107
16 « 15 40962.4209 15 « 14 37295.5031
15015 — 14014 14 « 13 40962.4407 40962.5032 1.413 14113 « 13712 14 « 13 37295.5777 37296.0861 0.730
17 « 16  40962.5032 16 « 15 37296.0861
15 « 15 40963.4406 13 « 12 37296.1548
15 « 15 37296.9989
17 « 17 39389.7397
15 « 14 40954.7553 16 «— 15 39397.0363
16 « 15 40954.8180 17 « 16 39397.0560
15115 « 14114 14 « 13 40954.8349 40954.8977 1.648 16016 — 15015 15 « 14 39397.2941 39397.3143 0.706
17 « 16  40954.8977 18 « 17 39397.3143
15 « 15 40955.8380 16 « 16 39397.7460
15 « 15 39404.6148
15 « 15 44432.9149 16 « 16 37025.3519
15 « 14 44437.7286 15 « 14 37032.3466
14 « 13 44437.7315 16 « 15 37032.3643
14512 « 13211 16 « 15 44438.1180 44438.1193 3.297 15015 « 14014 14 « 13 37032.6499 37032.6682 0.659
13 « 12 44438.1209 17 « 16 37032.6682
14 « 14 44438.2698 15 « 15 37033.0739
13 « 13 44442.9355 14 « 14 37039.6673

Trans': ]{<7] Ko & ]]ZH Kot V(]:al: Computed line frequencies from calculated Xaa, Xvb, Xcec and Xqp hyperfine constants;
v%: Calculated line profile central frequency; FWHM?3: Line profile FWHM

These conclusions are also drawn for the comparison of the different hyperfine line intensities
(Table 5.5 |Table 5.6{and [Table 5.7 and line profile parameters, i.e., the FWHMs ,
[Table 5.11| and [Table 5.12)) for the same temperature (T = 10K). For instance, the '*N
strongest spectral band for 8 (the transition 13,17 ¢ 12,10 centered at 42933.4854 MHz)
has a fwhm about 2x greater than that of 9 (1413 « 1317, centered at 38618.2778 MHz).
Its fwhm is also ~ 250x greater than that of the brightest **S quadrupole hyperfine line for
9 . The comparison between quadrupole hyperfine constants in [Table 5.2] and [Table 5.3| for
the molecular species shows that **S quadrupole nucleus has the highest hyperfine coupling
constants even though the spectral bands due its coupling splittings are weak. It can be
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found that the presence of this nucleus splits the rotational line into many components
(Table 5.12)) in comparison to other quadrupolar nuclei (Table 5.9 and [Table 5.10), the
upper spectral term |’ going up to J’+1. At an astronomical point of view, these results are
of paramount importance as hyperfine structure provides needed information for observer
concerning the column density, the kinematic gas structure, etc.

5.4 Summary

A quantum chemical study of the quadrupole hyperfine structures were carried out
for 8, 9 and some of their isotopologues, having a spin I > 1 and an quadrupole electric
moment different to zero (**S-3 C**NT, #3S-2 C*NT and 3C"NT-2D and 2C'>NT-3D). For
the first time, a detailed theoretical and extensive analysis of quadrupole hyperfine struc-
tures is carried out at different temperatures quadrupole. The "N, *S and D quadrupole
hyperfine constants as well as dipole moments for different species were calculated and the
corresponding hyperfine structures analysed, taking into account the temperatures prevail-
ing in ISM environments where they are expected to be detected. The strongest transition
lines and the optimum regions of detectability were discussed. The results of the present
work are expected to assist astrophysicists and astrochemists in the search of new species
and their identification of molecular species in the ISM, the derivation of gas kinematic
structure, etc.
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CHAPTER 6

THERMODYNAMICS OF PROTONATION OF
THIOPHENE, 2-CYANOTHIOPHENE AND
3-CYANOTHIOPHENE

6.1 Introduction

Aromatic molecules and their protonated together with their substituted (hetero-
cyclicl) derivatives form an important component of the interstellar medium (ISM)2. At
first glance, the ISM environments are harsh and unfavorable to the molecular formation.
For instance, the ISM particle densities in our galaxy range from 107*cm™ in diffuse re-
gions to 10°cm™ in dense clouds, with temperatures ranging from 10K to 150 KBl In
general, the temperature of the ISM ranges from 3K (for cold dark clouds) to 10°K (for
hot ionized medium) and the density from 10~* to > 10® cm™3Hl. The near-zero pressures
(107" atmospheres) and the intense ionizing radiation (including cosmic rays with high en-
ergies going up to 102" V)Pl are further harmful conditions that are not likely to favor the
chemical synthesis or chemical stability. However, a big number of polyatomic molecules
and molecular ions have been detected in diffuse clouds, especially in hot cores regions char-
acterized by hot temperatures (T ~ 90K), high number density (ny ~ 107cm™3) and by
high abundances of fully hydrogenated molecules such as H,O, NH; and H,S, along with
a rich variety of complex organic molecules®®. The question about how molecules could be
formed in so harmful environments has along intrigued scientists/®®. In early works, the
ion-neutral reactions induced by cosmic rays have been suggested to be the leading reaction
mechanism to form molecules in the ISMEH! - Additionally, neutral-neutral reactions have
been also suggested in hot cores, in circumstellar shells and in dense cloud regions where
temperatures as low as 10K prevail®l. Moreover, grain surface reactions have been also
reported by Snow and al.P2 to be important. Generally, three environments for molecular
formation in the outer space were suggested in the literature: the gas-phase, the bare dust
surface and the ice bulk or its surface™3. While the former is widely accepted to be a
leading one for simple molecules® the latter is known to be important in formation of
complex molecules™®. Complex organic species have then been widely detected in hot cores
embedded in high-mass star forming regions, but also in low-mass hot corinos where their
formation towards warm sources is well reproduced by the so-called warm-up scenario8.
More specifically, unsaturated complex molecular species are likely to be observed in cold
dense regions such as the Taurus Molecular Cloud 1 (TMC-1, T ~ 10K) where they had
been found to be abundant™?. Unsaturated complex species are also found in the so-called
lukewarm corino L1527 (T ~ 30K) which is known also to contain significant abundances
of complex molecules, including anionic formst™,

It is well established that not only protonated aromatics XH" (X = aromatic compound)
occur as intermediates in electrophilic aromatic substitution reactions, but also their spectra
could allow their identification in the media where they are occurring™®. In general, proto-
nation spectroscopic data are of great importance to unambiguously identify the protona-
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tion site(s) in protonated aromatic systems (XHT). In particular, hyperfine spectra, besides
of identifying the protonation site(s), unravel also the structural assignment of various iso-
mers . Likewise, it is of general knowledge that complex organic molecules in ISM gaseous
regions play an crucial importance in understanding the chemical evolution of the Universe
and in exploring the link between the early stages of star formation and the formation of
solar system bodiesY. A non-negligible number of molecular species already detected in
universe contain the cyano (C=N) group?!l. It has been reported that repetitive addition of
unsaturated hydrocarbons to protonated nitriles can lead to cyanopolyyne ions which can,
in turn, ultimately form cyanopolyynes (the most abundant species in dark clouds)?2. The
hydrogen cyanide (HCN), especially its protonated form (HCNH") has been the subject of
extensive studies due to its important role in the chemical evolution process in interstellar
clouds®. Some studies focused on its vibrational bands®”#3% and some others on its rota-
tional spectrumB. The detection of this compound in the universe was made through the
observation of its rotational transitions ] =1 —]=0; J=2—=]J=Tand J=3 2] =2at
74, 148, and 222 GHz, respectively, towards Sgr B2B233l hut also by means of its electric
quadrupole hyperfine structureB. Similarly, the sulfur-containing compounds have been
also extensively researched in the ISM, where about 26 such molecular species have been
detected 3. These compounds are grouped into three sets: carbon-sulfur, oxygen-sulfur
compounds and hydrides?. However, no S-heterocyclic compound among them was yet
detected. In the same way, even though Nitrogen and Oxygen containing molecular species
were widely reported in the ISM and circumstellar environments, no N- or O-heterocyclic
compound was also detected in those media B8l

In this work, we focus our attention on S-heterocyclic molecular species. The investiga-
tion on insoluble organic matter (IOM) from Murchison meteorite revealed a non negligible
proportion of sulfur-containing molecules, including thiophene ™8l Through the investi-
gation of the D and N isotope excess observed in these meteorites, many works converged
on its ISM originB¥40 Moreover, thiophene and its methyl substituted derivatives (2-
and 3-methylthiophene) and many other sulfur-bearing compounds are among the organic
compounds recently observed in 3-billion-year-old mudstones at Gale crater on Mars 1.
However, none among thiophene and its substituted derivatives was reported yet by as-
trochemists or astrophysicists in the ISM. In addition, it had been reported that sulfur is
depleted in regions where it is expected to be abundant®2. The detection of new gas-phase
sulfur-bearing molecules should play a key role in the observed sulfur depletion 3.

The protonated molecular hydrogen, H3, has been found to be the most abundantly
produced molecule of the ISM, next to H;, even though its steady state concentration is low
due to its extremely high chemical reactivity ##. This ion plays a pivotal role in interstellar
chemistry, by initiating the chains of reactions that lead to the production of many of
the complex molecular species observed in the interstellar medium (including protonated
species) by ion-neutral ractions#448l,

The protonation of halothiophenes has been experimentally investigatedB254

Through some of these studies, protonation of halothiophenes were investigated by means
of the "TH-NMRHE¥52 Tt was found that the protonation occurs at the a-position in the
thiophene ring regardless of whether both the two a-positions have already been substituted
or not¥). The protonation of 2,3-dichlorothiophene was found to occur at 5-position. In
case of one (3- and two a-substituents, the same work revealed that the protonation occurs
at o-position neighboring the (-substituent. Subsequently, an experimental work on 2,3-
dichlorothiophenePY and a theoretical one on thiophene and chlorothiophene P! supported
the above mentioned results. As regarding to Szajda and Lam P4, their investigation on the
thiophene protonation at S-, «- and —positions yielded results in agreement with experi-
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mental data from other works®?52 They found that the protonation at x-position lowers

the energy 48.95 k] more than at the -position.

Spectroscopic techniques, which are widely used to infer information about molecular struc-
ture and dynamics in planetary atmospheres and ISM are assisted by quantum-mechanical
calculations of structures as well as spectroscopic and thermodynamic properties, such as
transition frequencies and reaction enthalpies, to guide and support observations, line as-
signments, and data analysis in these new and chemically complicated situationsP®. To the
best of our knowledge, no theoretical or experimental on the protonation of CN-substituted
derivatives of thiophene under this study was reported yet. The aim of this study is to in-
vestigate the protonation of thiophene and two of its nitrile substituted derivatives namely
2-cyanothiophene (2CNT) and 3-cyanothiophene (3CNT). The proton affinity (PA) of 2CNT
and 3CNT as well as the enthalpies, entropies and Gibbs free energy changes (A.H, A,S and
A, G) of the reactions yielding theses species and their protonated forms are computed using
modern quantum chemical methods. The protonated cyanothiophenes (C4H3S — CTNHT)
are characterized by analysing their thermochemistry, their vibrational and rotational spec-
tra. The comparison of HCNH* which had been already detected in the ISMB233l and
R — CNH™ which were not explored yet is expected to give insight on their detection but
also on their production in ISM environments.

6.2 Computational details

The species structures were visualized using GaussView 5.088 and all calculations
were done using Gaussian 09 programbBd. The geometrical structures are calculated follow-
ing the technique described in earlier work®®l. Computations using Hartree-Fock (HF)B%,
Mgller-Plesset perturbation theory MP2 and MP3/%  and density functionals such as
B3LYP 162 and M06-2X 193 and the one-electron basis sets including 6-31G(d), 6-31G(d,p),
6-311G(d), 6-311G(d,p), 6-311++G(d,p)¥ were carried out on the parent thiophene for
which experimental values are available, in order to find out the corrections for the geometri-
cal parameters. It turned out that the M06-2X functional in conjunction with a modest basis
set 6-31G(d,p) and jointly with corrections yielded more accurate structural parameters and
rotational constants for the parent thiophene as compared to the remaining levels tested.
This method was thereafter applied on the protonated species. However, as no experimental
rotational constants for these species, the empirical adjustment was not performed.
Regarding the proton affinity, a set of seven levels of theory was tested specifically to bench-
mark their accuracy regarding the proton affinity (PA) for the thiophene. The tested meth-
ods are (i) the highly parameterized, empirical exchange correlation function (M06-2X) 63
with two basis sets (6-31G(d,p) and aug-cc-pVTZ), (ii) a serie of Gaussian-G, (G, with
n=2,3,4) using reduced Mgller-Plesset order [G,(MP2), G3(MP2), G4(PM2)|6567 " (iij) a
version of G3 using density functional geometries and zero-point energies (G3B3)1%8 and
(iv) the complete basis set model chemistry using the B3LYP hybrid density functional
geometries and frequencies (CBS-QB3)8%. The selected most accurate level of theory is
thereafter used for all thermodynamics calculations and for all compounds. The harmonic
frequencies for RCNH*' were calculated at M06-2X/6-31G(d,p) level of theory from the
structural geometries found by method described above. In order to get reliable frequen-
cies, we used a correction approach described in a previous work P8 and references therein.
The fundamental vibration frequencies found were thereafter rescaled using MOLIVIB %,
For rotational spectra, the calculation of rotational transitions, as well as the analysis of
quadrupole hyperfine splittings were done using the SPFIT/SPCAT package ™.
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(a) (b)

Figure 6.1 — M06-2X/6-31G(d,p) optimized geometries for (a) HCNH', (b) 2CNTH" and (c)
3CNTH™; yellow: S, gray=C, blue=N and light gray=H.

6.3 Results and discussion
6.3.1 Geometrical parameters

Table 6.1 — M06-2X/6-31G(d,p) structures (with empirical corrections ) for 2CNTH*, 3CNTH* and
HCNH™* (bond lengths and angles in Aand ©).

2CNTH™T 3CNTHT HCNH*

Bond lengths

S1-C2 1.7396 1.6870

S1-C5 1.7003 1.7267

C2-C3 1.3938 1.3897

C3-C4 1.4020 1.4380

C4 - Ch 1.3788 1.3574

C2/C3 - C6 1.3852 1.3976

C-N 1.1536 1.1516 1.1372 (1.1868)*
N-H 1.0080 1.0084 1.0153 (1.0091)*
C3/C2 - H8 1.0833 1.0818

C4 - H9 1.0818 1.0817

C5 - H10 1.0832 1.0813

C-H 1.0825 (1.0779)*
Bond Angles

S1-C2-C3 112.54 110.47

S1-C5-C4 114.01 112.59

C2-S1-0C5 89.90 92.7610

C2-C3-C4 111.35 113.81

C3-C4-0C5h 112.21 110.37

C2/C3 - C6 - N7 179.86 179.72

C2-C3-H8/C6 123.54 122.65

C4-C3-H8/C6 125.11 121.81

C3-C4-H9 124.30 124.70

S1 -C5-H10 118.76 119.74

S1-C2-C6/H8 122.18 121.64

“ Experimental values from Amano and Keiichi Amano and Tanakam, ® The numbering scheme used is that of
figure ; ¢ The values in parentheses are the differences of experimental from the calculated results.

The geometrical structures of the neutral forms for 2CNT and 3CNT had been dis-
cussed in our previous work™!. In the current report, we will only focus on the protonated
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forms. The predicted geometrical structures for HCNH', 2CNTH' and 3CNTH™ are pre-
sented in and their optimzed geometries in Figure A comparison with
available experimental structure for HCNH" shows a good agreement. This reinforces the
credit to the computational method also recently used for 2CNT and 3CNTl. Reliable
molecular structures for 2CNTH™ and 3CNTH™ for which no experimental data are available
yet are therefore expected. It should be noted that HCNH™ is a linear molecule belonging
to the Coy point group whereas C4H3S-CNH™ is an asymmetric top molecule belonging to
the C; point group.

6.3.2 Sites of protonation of thiophene and of its nitrile substituted
derivatives.

The proton affinity (PA) of a chemical species B is the negative of the enthalpy change
associated with the gas phase protonation reaction™: B + H™ == BH".

Table 6.2 — Proton Affinity (PA in kJ/mol) of thiophene at different sites, for different levels of theory
and at T=298K and T =10K.

Sites of protonation®

T=298K T=10K

Level of theory S  oa—position  B—position S a—position  R—position
MO06-2X/6-31G(d,p) 622.83 818.70 782.21 617.42 813.60 777.32
MO06-2X /aug-cc-pVTZ  627.86 803.24 769.96 622.41 798.20 765.08
G2MP2 739.84 816.66 785.64 734.51 811.61 780.66
G3MP2 739.47 812.98 782.59 734.11 807.90 777.61
G4MP2 637.59 811.94 783.09 632.14 806.80 778.08
G3B3 634.09 813.96 783.90 628.79 808.77 778.84
CBS-QB3 690.93 808.24 777.56 624.82 802.96 772.49
NIST 815"

& The site with higher PA is the position with higher susceptibility of proton attack.
P NIST value (Hunter and Lias (1998)).

Table 6.3 — G2(MP2) and G3B3 Proton Affinity (PA in kJ/mol) of 2CNT, 3CNT and HCN at dif-
ferent sites for T = 298 K.

Site 2CNT 3CNT

Site G2(MDP2) G3B3 G2(MP2) G3B3
1 676.65 674.93 673.84 672.67
2 732.32 727.75 758.97 756.24
3 723.51 721.54 697.68 694.00
4 726.48 724.53 728.31 726.20
5 752.89 750.15 753.40 750.28
N 812.24 809.03 813.02 812.83

HCN

N 713.73 708.22 (712.90)°
C 416.30 412.14

¢ Experimental PA from Hunter and Lias™ 1= Sulfur atom; 2= «-position; 3 = B-position; 4 = non-

substituted position equivalent to 3-position; 5 = non-substituted position equivalent to «-position; IN: Nitrogen
atom; C: The carbon atom of HCN.

The PAs for thiophene at different position as obtained for a set of seven levels of
theory and for temperatures T =298 K and T = 10K, i.e., temperatures in the range of tem-
peratures prevailing in molecular clouds known to contain complex molecular species 7077
are presented in [Table 6.2] Beside PAs computed at the different levels of theory, [Table 6.2
contains also NIST PA for thiophene (PA = 815k]J/mol)™. An analysis of calculated
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Table 6.4 — Comparison of G2(MP2) and G3B3 Proton Affinity (PA in kJ/mol) computed at different
sites of 2CNT and 3CNT for T =298K and T = 150 K.

Protonation sites

1 2 3 4 5 6

T (K) 298 150 298 150 298 150 298 150 298 150 298 150

G2MP2

C1 676.65  677.62 73232  732.87 723,51 72444 726.48 72731 752.89 753.70 812.23 812.24
C2 673.84  671.74  758.97  756.58  697.68  695.16 728.30 726.06  752.89  751.06 813.01  810.83

G3B3

C1 674.93  676.09 727.75 72830 721.24 72240 724.53 725.36  750.15  750.84  809.03  810.23
Cc2 672.67 670.70  756.24  753.75 694.00 675.23  726.20 723.91 750.30 747.88  812.84  811.27

C1=2CNT; C2=3 CNT; 1= Sulfur atom; 2= x-position; 3= B-position; 4= position equivalent to B-position; 5= position
equivalent to o-position; 6= Protonation at N atom.

Table 6.5 — Comparison of G2(MP2) and G3B3 Proton Affinity (PA in kJ/mol) computed at different
sites of 2CNT and 3CNT for T=10K and T =5K.

Protonation sites

1 2 3 4 5 6

T (K) 10 5 10 5 10 5 10 5 10 5 10 5

G2MP2

C1 671.89  671.79 72727 727.17  T18.79 718.69 721.66 721.56 748.07  747.97  807.49  807.39
C2 669.08  668.97  754.03 754.39 692.65 692.54 753.40  723.38 748.48 743.55 808.06  807.95

G3B3

C1 670.36  670.28  722.72 722.63  716.71 716.61 719.69  719.60  745.18  745.08  804.54  804.44
C2 668.06 667.96 751.18 751.08  689.02  688.92  721.32  721.22  745.28  745.17  809.10  793.05

C1=2CNT; C2=3 CNT; 1= Sulfur atom; 2= «-position; 3= -position; 4= position equivalent to -position; 5= position
equivalent to a-position; 6= Protonation at N atom.

PAs reveals that there are levels of theory that yield results closer to the NIST value of
PA for thiophene, especially in for & protonation at T = 298 K. This is the case for G3B3
(a deviation & ~ 1KJ/mole), G2(MP2) (6 ~ 1,66k]/mol), G3(MP3) (6 = 2.02k]/mol)
and G4(MP2) (& = 3.03kJ/mol) and M06-2X/631G(d,p) (& = 3.70k]J/mol). The remain-
ing ones show higher deviation with respect to the NIST value: =~ 12 and 7 kJ/mol for
MO06-2X /aug-cc-pVTZ and CBS-QB3 respectively. It is worthy noting that a simple level
of theory with a modest basis set such as M06-2X/631G(d,p) yields the best result than
the popular CBS-QB3/™l. The G4(MP2), improved version with respect to G2(MP2) and
G3(MP2, is expected to yield more accurate results than these two levels of theory of the
preceding generations. However, the results summarized in the show that it gives
less accurate results for the PA of thiophene. We conclude then that G2(MP2) and G3B3
provide results close to the NIST value, with G3B3 giving slightly more accurate results
than G2(MP2) (with a difference of ~ 0.63k]J/mol). Whereas this latter slightly overesti-
mates the NIST datum, the former slightly underestimates it. The PAs for the compounds
investigated in this study are expected to be in between G3B3 and G2(MP2) PAs. These
two levels of theory will then be used for subsequent calculations. It is known that the
higher the PA, the stronger the base and the weaker the conjugate acid™. The higher PA
value corresponds then to the site with higher susceptibility of proton attack. It follows
that the position with higher value of PA is the favorable site of protonation. Hence, at
both temperatures (T ~ 298K and T = 10K), the calculated PAs for thiophene are, in the
decreasing order of , PA(x) > PA(B) > PA(S), implying that the a—position is the most
favorable site of protonation.

G2(MP2) and G3B3 PAs are also calculated for 2CNT and 3CNT for different po-
sitions and at different temperatures, in the range of which COMs were widely found and
where new ones are expected to be discovered, i.e., T~ 5K to T ~ 300 K078 Analyzing
results in these two tables, the general observation is that the lower the temperature is,

the lower the PA.The calculated results at T = 298 K are reported in [Table 6.3 including
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Table 6.6 — MKS B3LYP /cc-pVQT calculated partial atomic charges (in electrons e) for 2CNT, 3CNT
and HCN at T =298 K

Atom S1 C2 C3 C4 Ch C6 N
TN 0.062 -0.147 -0.111 -0.111 -0.147

2CNT 0.096 -0.085 -0.073 -0.123 -0.109 -0.049 -0.204
3CNT 0.104 -0.142 0.171 -0.137 -0.129 -0.049 -0.204

those corresponding to HCN. The N-protonation calculated result for HCN (713.73 k] /mol)
agrees with the experimental value™ (by ~ 0.63kJ/mol) for G2(MP2). The results for
two cyanothiophenes are also presented in (for T = 298K and T = 150K) and
(for T = 10K and T = 5K). The results in these Tables show that the most
favorable site of protonation is the nitrogen (N) atom for both 2CNT, 3CNT and HCN and
at all temperatures.

Comparing then the protonation at substituted thiophene rings, the protonation results
at o« and P-positions whether for 2CNT or 3CNT show that it occurs in «-position for
both 2CNT and 3CNT, i.e.,the a)position is the favorable site. For instance, consider-
ing the results at T = 298.145K, the PAs are ~ 753 and ~ 724k]J/mol for o« and {3
protonation of 2CNT, respectively, and at G2(MP2) level of theory; they are also ~ 750
and ~ 722kJ/mol in the same order for 2CNT and for G3B3 level of theory. Similarly,
the PAs are ~ 759 and ~ 698 k]J/mol for o and (3 protonation of 3CNT, respectively, at
G2(MP2) level of theory; they are also ~ 756 and ~ 694kJ/mol in the same order for
23CNT and for G3B3 level of theory. This conclusion holds at all temperatures (see
ble 6.3} [Table 6.4] and [Table 6.5)). In general, the PAs for these compounds in the decreasing
order are such that PA(6) > PA(2) > PA(5) > PA(4) > PA(3) > P(1) for 3CNT and
PA(6) > PA(5) > PA(2) > PA(4) > PA(3) > P(1) for 2CNT, where (6) is the nitro-
gen atom of the cyano group. Moreover, for a-protonation, the non-substituted site is more
favorable than the substituted one. Regarding the 3-position, the position closer to the non-
substituted o-site is the most favorable. See, for instance, the results computed at G3B3
level of theory and at T = 10K in [Table 6.5} PA(4) ~ 720k]J/mol > PA(3) ~ 717k]J/mol
for 2CNT and PA(4) =~ 721k]J/mol > PA(3) =~ 682 k]J/mol for 3CNT. Another general
observation is that, for both the two levels of theory and at all temperatures, except in two
positions (at 1, i.e., S atom and 3, i.e., carbon atom in (-position), the computed PA for
3 CNT are greater than those for 2 CNT.

Matczak B have tested ten level of theory to benchmark their accuracy in computaion
of partial atomic charge from which he calculated the dipole moment p for a set of organic
compound. The results showed that the calculation at HF /def2-QZVPP and B3LYP/def2-
QZVPP levels of theory using of Merz-Kollman-Singh (MKS) and Hu-Lu-Yang (HLY) mod-
els approximate the magnitude of the molecular dipole moments with the greatest accuracy.
and present the Partial atomic charges for the compounds investi-
gated in the present work calculated at HF /def2-QZVPP using the MKS model. Racek
et al.[¥l have reported that PACGs (hereafter, PACG stands for partial atomic charge)
model the distribution of charge density in a molecule, and consequently, drive its inter-
actions with its surroundings. These results can therefore supported the finding about
protonation process. Confronting then, the results in (for thiophene), [Table 6.3
(for 2CNT and 3CNT with those in [Table 6.6] it can be seen that PACG results agree
with the PA ones. For example, the PACGs for N atom are the lowest values compared
with those of the remaining atoms, i.e., —0.204 for both 2 CNT and 3CNT. These val-
ues correlate with the favorable site of protonation both for 2CNT and 3CNT, i.e., the
N atom. Note also that, the PACGs being the same for the two compounds, the PAs at
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(b)

Figure 6.2 — Partial atomic charges calculated at HF/def2-def2-QZVPP using MKS model for (a)
2CNT and (b) 3CNT.

this position are also very close each other (=~ 812kJ/mol for 2CNT and ~ 813 kJ/mol
for 3CNT). In the same way, regarding the thiophene ring protonation, the results pre-
sented in agree also with those in [Table 6.2 and [Table 6.3 except a slight dif-
ference for 3CNT. In fact, the results PACGs confirm that the PA is higher in «-position
than in PB-position: PACG(x) < PACG(B) < PACG(S). This conclusion agrees well
with that derived above concerning the PA: PA(x) > PA(B) > PA(S). According to
Racek et al.[8 statement, the lower is the PACGs, higher would be the PA at that po-
sition. Moreover, as shown by the PA values, the PACGs on thiophene ring of 2CNT
and 3CNT, the protonation would have to favor the carbon atom in not yet substituted
atom or that located away from the substituted position. However, based on the calcu-
lated PAGs in table [Table 6.6] this requirement is not fulfilled both for 2CNT and 3CNT
where [PACG|q; > |PACG]|,. This does not agree with the calculated PA, for example, at
G2(MP2) where PA(C5) = 753 kJ/mol > PA(C4) = 726 k]J/mol. Except this quoted dif-
ference, the results for the PACGs agree well with those for PAs whether for 2 CNT, 3 CNT
and thiophene. It is worthy noting that the calculations of PACGs at HF /def2-QZVPP us-
ing the MKS or the natural population analysis (NPA) models give identical results for the
thiophene (Table A.16)). However, the calculation of PACGs at B3LYP /def2-QZVPP using
the NPA model does not yield good results. For instance, in case of 9, this calculation gives
results which favor the protonation at ring positions rather at N atom (see .
Furthermore, the analysis of results in reveals that, whereas the PA rises with
the decreasing temperature for 2CNT, it decreases when temperature decreases for 3CNT.
However, at low temperatures (see this trend reverses for 2CNT and the PA
decreases with the decreasing temperature both for 2CNT and 3CNT and at both the two
levels of theory.

The protonation of dicyano-thiophens (2,3-dicyanothiophene, 2 4-dicyanothiophene
and 2,5-dicyanothiophene) are computed at the same levels of theory at T = 298K and
T=10K . The analysis of protonation for these compounds, at thiophene rings,
confirms also the above mentioned result found for 2CNT and 3CNT: the protonation favors
the N atom and the a-position incase of thiophene ring protonation. These result show again
that it favors the non substituted site.
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Table 6.7 — G2(MP2) Proton Affinity (PA in kJ/mol) at different sites of some dicyanothiophenes at
T =10 and 298 K.

2 3 4 5
10 298 10 298 10 298 10 298
C1 681.51 686.45 643.23 648.04 675.01 679.68 696.81 701.49
C2 666.39 675.13 667.85 674.15 637.95 644.44 694.70 703.22
6 7 8

C1 777.06 782.39 777.91 781.87 1224.52 1229.04
C2 767.65 773.85 770.60 776.58 1261.86 1269.79

C1: 23CNT; C2: 24CNT; 2= «-position; 3= B-position; 4= position equivalent to B-position;
5= position equivalent to a-position; 6= Protonation only at N atom of the cyano-group in o-
position; 7= Protonation only at N atom of the cyano-group in B-position; 8= Protationation
at both the two Nitrogen atoms of the cyano-groups.

In the same way as Yokoyama et al.®¥ findings, our results show that the protonation
at the rings of cyanothiophenes favors o-positions regardless whether these positions have
been already substituted or not. In addition, the present results show that the PA for
dicyanothiophenes is greater for diprotonation (protonation at the two cyano groups) than
a monoprotonation (at one of them). For instance, the PAs were found to be 1226 and
1262 k] /mol (respectively) for diprotonated 2,3-dicyanothiophene and 2,4-dicyanothiophene
at the two N sites (Table 6.7); they are ~ 778 and 770kJ/mol for N-monoprotonation of
the same compounds, respectively. This discrepancy between PAs for monoprotonated and
diprotonated species was expected as the proton affinities follow the additivity rule 3.

In the following sections, our discussions will be based on the —NH™ protomers: HCNH™
(for N-protonated hydrogen cyanide), 2CNTH™ (for N-protonated 2cyanothiophene) and
3CNTH?" (for N-protonated 3cyanothiophene).

6.3.3 Enthapy, Gibbs free energy changes and entropy changes (A,H, A,G and
A,S) of the reactions producing HCN, 2CNT, 3CNT and their protonated
forms

The equation (6.1) below gives the relationship between the enthalpy, entropy and
Gibbs free energy changes changes for a given chemical reaction at a constant temperature
and pressure:

AG = AH — TAS (6.1)

The Gibbs free energy changes change AG can be the used to predict the spontaneity or the
non spontaneity of a the reaction. Brown et al.®¥ has summarized the different situations
which are used to predict the the spontaneity or the non spontaneity of a the reaction. They

are listed in the [Table 6.8

Table 6.8 — Relationship between the reaction spontaneity and temperature.

AH AS —TAS AG = AH —TAS Reaction
— + — — (at all Temperatures) Spontaneous at all Temperatures
+ — + + (at all Temperatures) Non spontaneous at all Temperatures
+ (at higher Temperatures) Non spontaneous at higher Temperatures
- — -
— (at lower Temperatures) Spontaneous at lower Temperatures
+ (at higher Temperatures) Spontaneous at higher Temperatures
+ + -
— (at lower Temperatures) Non spontaneous at lower Temperatures
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Table 6.9 — Gase phase G2(MP2) and G3B3 calculated enthalpy, entropy and Gibbs free energy
changes (A;H, A,S and A.G in k] mol~") of reaction producing hydrogen cyanide, cyan-
othiophenes and their protonated forms (T = 298K and T = 10K for P = 107> atm).

Equation of the reaction AHZT ALGZT AT AHTO A.GTO ASTO T.T.
oy moN e (1) 104701 100068 -0.047 104624 104621 0.000 =
3 2 _1048.61 -1045.03 -0.044 -1047.93 -1047.93 -0.000 b
LS - ON- s aONT AT (2) 61122 HOTI5 0047 61220 61183 0041 a
607.98 -595.01 -0.044 -609.84 -609.43 -0.042 b
LS ON- s soNTn (3) 01565 GOL5A 0047 61665 61625 0041 a
612.64  -599.65 -0.044 -61451 -614.10 -0.041 b
35222 -344.67  -0.02  -350.69 -350.69 -0.000 a
CN-H +H," — HONH" + H, (4) 35363 34876 -0.032 -352.18  -352.20 -0.000 b
CLLSON 4 ¢ ronTa o q, (5) 9220 BSGBL 0018 89224 30222 0002 a
4t 3 2 38724 -380.33  -0.02 -387.54 -387.52 -0.002 b
2392.97  -387.13  -0.020 -392.81  -392.80 -0.002 a
CiHgSON+Hy" — BONT-H' +Hy  (6) 40,00 30055 0002 39210 -392.07 -0.003 b

L.T: Level of Theory; a=G2(MP2); b=G3B3.

Table 6.10 — Gase phase G2(MP2) and G3B3 calculated enthalpy, entropy and Gibbs free energy
changes (A;H, A;S and A.G in k] mol™") of the reactions yielding hydrogen cyanide,
cyanothiophenes and their protonated forms (T = 298K and T = 10K for P = 1 atm).

—

Reaction A H298 A, G298 A, 5298 A HTO A:G1O ApSTO
) -1047.03 -1038.98 -0.027 -1046.24 -1046.10 0.015
-1048.61 -1045.03 -0.012 -1047.93 -1047.93 -0.000
(8) -611.21 -597.15  -0.047 -577.91 -570.55  -0.736
-607.98 -595 -0.044 -609.84  -609.43 -0.041
(9) -615.65  -601.54 -0.047 -582.33  -574.97 -0.736
-612.64  -599.65 -0.044 -614.51 -614.09 -0.041
-352.21 -342.91  -0.031 -350.67  -350.69  0.002
-353.63 348.77  -0.016 -352.18 -352.18 0.000
(11) -392.19  -385.01 -0.024 -392.22  -392.22 0.000
-387.27  -385.072 -0.008 -391.56  -391.54 -0.002
-392.98  -385.42 -0.025 -392.79  -392.79  0.000
-391.04  -390.81 -0.001 -392.10 -392.08 -0.002

L.T: Level of Theory; a=G2(MP2); b=G3B3.

Hy" + CN™ — HCN + H,
C,H,8S"+CN — 2CNT +H
C4H,ST+CN~ — 3CNT +H
CN-H + H,™ — HCN-H* + H, (10)

C,H,SCN + Hy" —— 2CNT-H' + H,

oY oM T oo oTH

C,H4SCN + Hyt — 3CNT-H' +H, (12)

The equations of the reactions yielding R-CN and R-CNH™ and the corresponding
enthalpy (A.H), entropy (A,S) and Gibbs free energy changes (A,G) changes calculated at
G2MP2 and G3B3 levels of theory at T =298 K and T = 10K are summarized in
(for P = 10atm[]) and (for P = Tatm). As shown in these tables, G2MP2
and G3B3 results are again close to each other. For both temperatures, the calculated
enthalpy and Gibbs free energy changes changes are negative (A,H < 0 and A,G < 0),
for reactions (1)-(12), for all the two levels of theory and at all pressures. Following data
in [Table 6.8} these results imply then that none of these reactions have an energy barrier.
They are, consequently, spontaneous. The remaining question is to know whether they
are spontaneous at all temperatures or not. For this purpose, the entropy changes are
deduced from the enthalpy and Gibbs free energy changes changes following the relation
(6.1). Analyzing the values for the entropy changes, which are listed in the two tables
(Table 6.10] and [Table 6.11)), it can be seen that:

1. For T = 298 K, the values for entropy change are negative for all the reactions, for both

1. The choice of P =10 5 atm was motivated by the fact that the pressure in the ISM is enerally near-zero
g
(N 10 Matm lSJ) The pressure P=10 5 atm was the lower pressure limit for Gaussian 09.
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the two levels of theory and for both the two pressures. Thus, A;H < 0, A,G < 0 and
A.S < 0, implying that all the reactions are spontaneous at low temperatures.

2. Calculating A,S at T = 10K, the results show that at low pressure, i.e., at P =
107> atm, A,S < 0 for reactions (2) and (3), (5) and (6), whereas it is about zero
(A,S ~ 0) for (1) and (4), i.e., reactions ending at the formation of HCN and its
protonated form (HCNH"). These results show again that the first set, i.e., reactions
(2) and (3), (5) and (6) can proceed also spontaneously at lower temperature, whereas
the second set can imply that these reaction are able to proceed spontaneously at
any temperature. At P = 1 atm, the conclusion is the same except that the reaction
yielding the protonated forms of the cyanothiophenes computed at G2(MP2) are added
to set of (1) and (4), A,S for these latter being a bit clearly positive.

To find out how these thermodynamics quantities depend on the temperatures , we calcu-
lated again them at high temperatures (T = 1000 K) and low temperatures (T = 5K) and at
low pressure (P = 107> atm), complex organic molecules (COMs) being however expected
to be found in starforming clouds (5 < T < 300 KT50) (see section [6.1)).

Table 6.11 — Gase phase G3B3 calculated enthalpy, entropy and Gibbs free energy changes for the
reactions (AH and A,G in kJmol™') producing hydrogen cyanide, cyanothiophenes
and their protonated forms (T = 1000K and T = 5K for P = 107> atm).

Reaction A HTO00 A (GT000 — A GTO00 AH? A.G® A,S°
H3 + CN™ — HCN + H, (13)-1044.11 -1030.32  -0.046  -1018.84 -1170.50  0.509
C4H4ST™ + CN™ — 2CNT + H (14) -562.64 -433.66 -0.433 -574.21  -574.00 -0.001
C4H4ST™ + CN™ — 3CNT + H (15) -567.05 -438.47 -0.431 -578.93  -578.72  -0.001
CN-H + H; — HCN-H*™ + H; (16) 381.56 -327.04 -0.094 -352.18  -290.50  -0.207

C4H3SCN + H] — 2CNTH" + H,  (17) -381.56 -374.56 -0.023 -391.58  -391.50  -0.0002
C4H3SCN + H] — 3CNTH" + H,  (18) -384.86 -385.77 0.003 -392.05  -391.97  -0.0002

The results are provided in The analysis of these results reveals that, at
T =1000K, all the reactions (13) - (17), but (18), have the same trends as at T = 298K
(see[Table 6.9 and [Table 6.10): A.H, A,S and A,G are all negative. It implies that reactions
are also spontaneous at this and lower temperatures, whereas A,S > 0 for the reaction (18)
implies that it is spontaneous at all temperatures. Another peculiar observation is that
|A.S| higher at T = 1000 K than at T =298K. At T =5K, A;H and A,G are also negative,
but A,S is positive for the reaction (1) and negative for others. These results confirm the
conclusion drawn above from the two preceding tables. In addition, from results in this
table, it is deduced that, 3CNTH™ could be also formed at any temperature.

In general, it can be seen from this discussion that all the investigated reactions are
spontaneous (A;H < 0 and A.G < 0 for all of them). However, it is a bit difficult to see how
the spontaneity depends on the temperatures. The reason may be that, all the reactions,
but (14) and (15), are enthalpy-driven with |A.H| >> |TA,S|; the reactions (14) and
(15) being both enthalpy and entropy, i.e., enthalpy-entropy-driven with [AH| ~ |TA,S|.
For all the reactions, except (14) and (15), we have then A,H =~ A.G. Moreover, the
comparison of (2) and (3), on one hand, and (5) and (6), on the other hand, reveals that
even though AH and A,G values are higher for reactions yielding 3CNT and 3CNTH™
than those producing 2CNT and 2CNTH™ (respectively), the corresponding A, S values are
almost the same, meaning that (2) and (3) (or (5) and (6)) may have the same rate,
especially at low temperatures.

According to millimeter and submillimeter spectroscopy of the dense ISM, deuterated
molecular species are more abundant than the H version in cold dense regions®l. H,D*
molecular species, a singly deuterated form of Hy", was found to play a crucial role in the
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Table 6.12 — Gase phase G2(MP2) calculated enthalpy, entropy and Gibbs free energy changes (A H,
A.S and A, G in kJmol™') of the reactions producing 2CNTD" and 2CNTD" (T =
298K and T = 10K for P = 107> atm).

Reaction A H298 A, G298 ArS298 ArHTO ArG1O ArS1O
C,4H;SCN + H, D" — 2CNT-D* + H, (19) -389.19 -380.09 -0.031 -394.92  -394.70  -0.022
C,4H3SCN + H,D* — 3CNT-DT + H, (197) -390.04 -380.44 -0.032 -395.55  -395.33  -0.022
C,H;SCN + H,D* — 2CNT-H" + HD (20) -385.79 -377.35 -0.028 -390.90 -390.74 -0.015
C,H;SCN + H,D* — 3CNT-H* + HD (20’) -386.57 -377.66 -0.030 -391.46  -391.30  -0.016
C,4H3SCN + D,HT —— 2CNT-D* + HD (21) -392.52 -385.37 -0.024 -393.17  -389.64  -0.021
C,H3SCN + D,H —— 3CNT-D* + HD (217) -393.36  -385.72  -0.026 -393.80 -393.59  -0.021
C,H3SCN + D,H" — 2CNT-H" + D, (22) -382.47 -372.08 -0.035 -389.80 -389.64 -0.014
C,H;SCN + D,H" — 3CNT-H" + D, (22') -383.25 -372.38 -0.36 -390.34  -390.20 -0.014
C,H;SCN + D;© —— 2CNT-DT + D, (23) -383.77 -373.07 -0.036 -391.67 -391.49 -0.019
C,H,SCN + D,* — 2CONT-D* + D, (23') -384.61 -373.42 -0.038  -392.31 -392.12  -0.019

interstellar ion chemistry, especially, by deuterating other moleculesB883l In fact, this ion

is a tracer of the Hy" which, having not a permanent dipole moment, could not be observed
at millimeters/submillimeters ™9 due to the abscence . H,D" was widely detected in
many ISM environmentsB2*®  This jon was found to be of similar abundance with one
of its deuterated forms, i.e., D,H" in low-mass prestellar cores and protostars where the
D,H" /H,D" ratio reaches unity and D," is more abundant than these two compounds .
Many reactions ending at the formation of this molecular species were proposed by Millar 8],
but the adopted one at low temperature is:

The left-to-right reaction is an exoergic by an amount equivalent to AE/k = 220 K92,
The reverse is endothermic with an energy barrier of about 220 KE3l. In general, H,D"
is produced via fractionation reactions involving HD, but it has argued that they favor
the production of high deuterium content molecules®*7. Beside H protonation, we also
investigate on the D protonation, especially, on the formation of 2CNTD" and 3 CNTD™
in the invironment where their H forms were studied. presents the gase phase
G2(MP2) calculated enthalpy, entropy and Gibbs free energy changes (AH, A,S and A,G
in k] mol™") of the reactions producing 2CNTD" and 2CNTD" at T =298 K and T = 10K
and a low pressure (P = 107° atm).

Analyzing then the results in i.e., the reactions (19)-(23) (reactions con-

cerning 2CNTD " formation) and (19’)-(23’) (reactions concerning 3 CNTD" formation),
it is clear that A;H, AS and A,G are all negative. This implies that, all these reaction are
spontaneous at all temperatures. As in the cases of the reactions related to the H forms
(preceding tables), these reactions are all enthalpy-driven as, obviously, |A;H| > [TA,S| with
AH = AG.
These results, supported by those of the différent works on the sulfur abundance in the
ISM (e.g. Martin-Doménech et al.#2) and those of the work by McGuire et al.#3l lead us
to assert that cyanothiophenes (2CNT and 3CNT, their protonated forms, i.e. 2CNTH™,
3CNTH', 2CNTD" and 3CNTD "), but also their different isotopologues, do exist in the
interstellar medium.
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6.3.4 Vibrational spectrum of H-CNH* vs vibrational spectrum of 2CNTH™"
and 3CNTH"

The IR spectroscopy is an essential tool for the characterisation and identification
of interstellar molecular species®5!. One of the most puzzling questions concerning the
identification of molecules in space by using the IR spectroscopy is the so-called unidenti-
fied infrared bands (UIRs), for which several sources have been proposed, including small
carbonaceous molecules (SCMs), PAHs, or mixed aromatic and aliphatic molecules. How-
ever, for the species under consideration in this study, these spectroscopic data required in
resolving this ambiguity are not available yet. A potential energy distribution (PED), in
which the contribution of each vibrational mode and the molecular atoms involved for the
27 vibrational frequencies for each compound is investigated. This technique is expected to
fully characterize the two compounds in the IR region. [Table 6.13| and [Table 6.14] present
the results for the PED for for 2CNTH" and 3CNTH™.

Table 6.13 — Potential energy distribution for 2CNTH™

Frequency PED Mode Atoms! PED Mode Atoms!

(em™) (%) h k 1 m (%) h k 1 m

In - plane modes

3539.33 97% VNH 7 11 0 O
3101.63 66% VCH 4 9 0 O 27% VCH 5 10 0 0
5% VCH 3 8 0 0
3089.33 65% VCH 5 10 O 0 19% VCH 3 8 0 0
16% VCH 4 9 0 0
3081.49 75% VCcH 3 8 0 O 18% VCH 4 9 0 0
7% VYCH 5 10 0 0
2237.41 8% Voo 6 7 0 0 4%  vee 2 6 0 0
1497.37 2%  Vo—e 2 3 0 0 23%  Vo—q 5 0 0
11% dcen 4 3 8 0 % dccH 3 8 0
7% vcc 2 6 0 0 8% 5CCH 3 4 9 0
1408.49 40% Ve 3 4 0 0 15% dcchn 5 4 9 0
11% dccH 3 4 9 0 11% Vo—c 4 5 0 0
6% dccH 2 3 8 0
1335.64 2%  Vo—e 4 5 0 0 23%  Vo—e 2 3 0 0
14% dscH 1 5 10 O 14% Vce 2 6 0 0
14% dccH 4 5 10 O
1236.89 20% dccn 2 3 8 0 18% dcchn 4 3 8 0
10% vcc 2 6 0 0 10% 6CCH 5 4 9 0
9% dcecn 3 4 9 0 8% dcch 4 5 10 O
1173.73 29% vcc 2 6 0 0 22% Vsc 1 2 0 0
12% VCZC 2 3 0 0 7% vcc 3 4 0 0
6% dcecn 2 3 8 0
1086.10 27% dcen 4 5 10 O 25% dscH 1 5 10 O
19% Ve—g 4 5 0 0 14%  Scen 5 4 9 0
11% dcecn 3 4 9 0
1057.05 26% Vce 3 4 0 O 21% dccH 4 3 8 0
10% dccH 2 3 8 0 10% dcchH 3 4 9 0
9% 6CCH 5 4 9 0 6% vcc 2 6 0 0
855.06 49% Vsc 1 5 0 0 16% dscce 1 5 4 0
12% dccc 3 4 5 0 7% dscH 1 5 10 O
6% dscH 3 4 9 0
738.13 35% Vsc 1 5 0 0 22% Vsc 1 2 0 0
13% dccce 3 4 5 0 13% dccc 2 3 4 0
(Continued)
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Table 6.13 — (Continued)

Frequency PED  Mode Atoms! PED  Mode Atoms!

(em™1) (%) h k 1 m (%) h k 1 m
5% dccH 2 3 8 0 5% dccH 5 4 9 0

681.15 26% Vsc 1 2 0 0 12% dcenN 2 6 7 0
10% dcsc 2 1 5 0 9% vce 2 6 0 0
8% Vsc 1 5 0 0 8% ‘SSCC 1 5 4 0

634.21 93% denw 6 7 11 O 6% dcen 2 6 7 0

520.93 51% 6CCN 2 6 7 0 18% Vsc 1 2 2 0
9% dccce 3 2 6 0 % dcsc 2 1 5 0
6% dscc 1 2 6 0

477.06 30% Aele 2 6 0 0 20% dscc 1 2 3 0
13% SCSC 2 1 5 0 10% Vsc 1 2 0 0
6% dccce 2 3 4 00

143.33 44% dceN 2 6 7 0 28% dscc 1 2 6 0
26% dcce 3 2 6 0

Out - of - plane modes

943.69 31%  Yuccn 8 3 4 9 27%  Yuccn 9 4 5 10
10%  <YHces 9 4 5 1 8% Ycccn 23 4 9
6% Ycccn 6002 3 8 6% YsccH 1 2 3 8

866.48 25%  YuccuH 9 4 5 10 15% YcccH 3 4 5 10
14%  vYucce 6 2 3 8 13%  Yucce 8 3 4 5
12%  vysccn 1 2 3 8 9% YCSCH 2 1 5 10

751.15 22% Yccch 3 4 5 10 22% YHCCS 9 4 5 1
20% YCcCCH 2 3 4 9 16% YCSCH 2 1 5 10
7% Ycccn 6002 3 8 6% YsccH 1 2 3 8

551.49 60% YccN 0 2 6 7 8% Ysccc 1 2 3 4
7% Yccce 23 4 5

525.46 61% YccN 0 2 6 7 9% Ycccs 3 4 5 1
6% Ycccc 2 3 4 5

420.34 36% Yecenw 0 2 6 7 16% vYcsce 5 1 2 3
14%  vcsce 2 1 5 4 11% Ysccc 1 2 3 4
9% Ycces 3 4 5 1

287.26 69% YCNH 0 6 7 11 17% YccN 0 2 6 7

134.42 32% YccN 0 2 6 7 24%  vycscce 60 2 3 4
19% +vcsce 5 1 2 6 17%  vycccn 6 2 3 8
5% Yenn O 6007 11

I See for atom numbering.

v: stretching, 8: in-plane bending and y: out-of-plane bending modes.

As it can be seen in these tables, the vibrational spectrum of each compound consists
of 27 fundamental modes of vibration divided into the two symmetry representations of
the C, pointgroup: Nn_¢ = 19 A'(in — plane modes) + 8A" (out — of — plane modes) as
shown in [Table 6.15] .

Table 6.14 — Potential energy distribution for 3CNTH™

Frequency PED  Mode Atoms! PED  Mode Atoms!
(cm™) (%) h k 1 m (%) h k 1 m
In - plane modes
3545.56 97% VNH 7T 11 0 O
3122.71 82% VCH 5 10 0 0 16% VCH 4 9 0 0
3111.54 99% VCH 2 8 0 0
3103.59 83% VCH 4 9 0 0 17% VCH 5 910 0 O

(Continued)
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Table 6.14 — (Continued)

Frequency PED  Mode Atoms PED  Mode Atoms!
(em™1) (%) h k 1 m (%) h k 1 m
2243.78 85% Yo=n 6 7 0 0 12% vce 3 6 0 0
1495.04 49% Ve 405 0 0 11% dccH 3 4 9 0
10% Veec 2 3 0 0 6 % dccH 5 4 9 0

1402.09 25% Ve 2 3 0 0 16% Vo 4 5 0 0
15% dccH 3 2 8 0 14% dscH 1 2 8 0
10% Ve 3 6 0 0 5% dscH 1 5 10 O

1351.97 36% Vce 3 4 0 0 25% Voo 2 3 0 0
9% dccH 5 4 9 0 8% dccH 4 5 10 O

1227.94 24% dccH 3 2 8 0 13% dscH 1 2 8 0
12% dccH 4 5 10 O 11% dscH 5 4 9 0
10% dscH 1 5 10 0 9% dsch 3 4 9 0

1167.85 34% dccH 1 2 8 0 27% OscH 3 2 8 0
20% vcc 3 6 0 0

1091.36 20% dccH 5 4 9 0 19% dccH 4 5 10 O
18% dccH 3 4 9 0 17% dscH 1 5 10 O
10% Ve 405 0 0

920.50 15% dcce 3 4 5 0 15% vce 3 6 0 0
14% aele 3 4 0 0 13% Vo 2 3 0 0
11% dscH 1 5 10 O 8% dscc 1 5 4 0

880.44 72% Vsc 1 2 0 0 15% ‘SCCH 1 2 8 0
6% dccce 2 3 4 0

800.41 63% Vsc 4 5 0 11% dscc 1 ) 4 0
6% vcc 3 4 0 0

637.28 64% SCNH 6 7 11 0 8% dcsc 2 1 5 0
8% VsC 1 5 0 0 7% SCCN 3 7 0

627.50 53% dcNH 6 7 11 O 13% dcsc 2 1 5 0
13% Vsc 1 5 0 0

558.52 61% dceN 3 6 7 0 13% dccce 4 3 6 0
11% dccce 2 3 6 0

472.43 3% Vce 3 6 0 0 14% dccce 2 3 4 0
13% Vsc 1 2 0 0 9% éscc 2 1 5 0

147.54 47% dcen 3 6 7 0 25% dccce 2 3 6 0
25% dcce 4 3 6 0

Out - of - plane modes

894.08 49%  Yuccn 9 4 5 10 11% YHCCS 9 4 5 1
10%  <vccen 2 3 4 9 9% YcccH 3 4 5 10
9% Ycccn 603 4 9 7% YCSCH 2 1 5 10

799.58 33%  Yuccc 8 2 3 6 26%  Yuccc 8 2 3 4
21%  vYcscn 5 1 2 8

713.74 27% vYcccn 3 4 5 10 17%  vycscH 2 1 5 10
14%  +Ynces 9 4 ) 1 11%  YHcce 2 3 4 9
10% <vccen 8 2 3 4 9% YcccH 6 3 4 9

604.43 53% YccN 3 6 7 0 10%  vccce 2 3 4 5
8% Yscce 1 2 3 4 5% Yccen 8 2 3 4

497.78 4%  ycen 0 3 6 7 6% Yccces 3 4 5 1
5% Yccce 2 3 4 5

441.05 21% YccN 0 3 6 7 20% Ycscc 2 1 5 4
19% vYcsce 5 1 2 3 14%  vysccc 1 2 3 4
5% Ycces 3 4 5 1

366.92 8% vYenn 0 6 7 11 14% YccN 0 3 6 7

132.27 34% YccN 0 3 6 7 21% +vyscccc 1 2 3 6
18% <vYccece 6 3 4 5 12%  vYcccu 6 3 4 9
12%  vYHcce 8 2 3 6
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I See for atom numbering.

Vi

stretching, &: in-plane bending and y: out-of-plane bending modes.

This table presents also M06-2X/6-31G(d,p) calculated frequencies (cm™"), infrared

intensities (km.mol™") and Raman activities (in A*/amu) and Raman intensities (in
x 107 F2.m~T.kg™') for 2CNTH* and 3CNTH™*.

Beside the general interpretation of these two spectra, particular attention is made

the behavour caused by the introduction of the new bond due to the protonation. In fact,
the 2CNTH" and 3CNTH" IR spectra compared to the ones for the corresponding non
protonated forms leads to the appearance of the three additional modes resulted from the

additional N—H. Thus, from [Table 6.13]), these three modes are:

(i)

(iii)

the vyu stretching mode appearing at ~ 3539 cm™" with a PED of 97% for 2 CNTH "
and at ~ 3546 cm™" with again a PED of 97% for 3CNTH". This mode gives rise
to a highly strong transition with ~ 1381 km/mol (2CNTH") and ~ 1337 km/mol
(3CNTH"). As it can be seen from [Table 6.15{and [Figure 6.3(b) and (c), Vg stretch-
ing mode gives rise to stronger transition for 2 CNTH™" than that for 3CNTH". More-
over, this transition is more than 2 times stronger than that arising from the v

C=N
stretching vibrational mode with IR intensity of ~ 667 km/mol for 2CNTH" and of
~ 574km/mol for 3CNTH". This IR band from the Vo=, Stretching vibrational

mode was found to be the strongest one in non protonated forms (see in
section in chapter [4f). Regarding the Raman spectra of these two species, results
presented in and at show that this mode of vibration gives rise
to a very weak IR transition ~ 73 times weaker than the strongest Raman transition,
i.e., that from the ocy stretching vibration mode.

the in-plan bending mode dcyu gives rise to a transition at ~ 634 cm™' (PED =~ 93%)
for 2CNTH™ and to a doublet at ~ 637 cm™' (PED =~ 64%) and at ~ 628 cm™' (PED ~
53%) for 3CNTH'. These transitions are also relatively stronger for 2CNTH" than
3CNTH™. In fact, the calculated intensity for this transition is ~ 133 km/mol in the
former, whereas intensities found for the two transitions of 3CNTH" are ~ 69 and
~ 65 km/mol, respectively. It is worthy noting that they are very weak compared to
those rose from the vyy stretching vibrational modes. For instance, transition from
dcnm is &~ 10 times weaker than that from vyy for 2CNTH' and ~ 20 times smaller
for 3CNTH'. Note also that, this transition is about ~ 2 times stronger for 2 CNTH"
than for 3CNT. Nonetheless, the Raman bands corresponding to these dcnyg in-plan
bending modes are stronger than those corresponding to the vyy (see ,
(2CNTH") and (3CNTH") and [Figure 6.4). For instance, the
transition at ~ 637 cm ™' is 4 times stronger than that at 3546 cm™'; that at this latter
is ~ 2.5 smaller that that at ~ 628 cm™'. For 2CNTH" the transition corresponding to
the in-plan deformation dcnyis still weaker than that corresponding to the stretching
mode VNH-

the out-of-plan bending mode ycny giving rise to the transition appearing at =~
287 cm~! with 69% as PED for 2CNTH" and at ~ 364cm™" with 82% as PED for
3CNTH™. The corresponding IR transitions, whether for 2CNTH" or 3CNTH, are
also strong, especially compared with those arising from the in-plane bending mode
Scnn (see[Table 6.15/and [Figure 6.3)). Thus, the transition at ~ 287 cm™' for 2 CNTH "
has about 180 km/mol as intensity, i.e., about 8 times smaller that that corresponding
to VNH-
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Likewise, the transition at ~ 364 cm™" for 3 CNTH ™" has ~ 174 km/mol as IR intensity
(also about 8 times smaller that corresponding to vyg). Moreover, concerning the
Raman intensities, the band appearing from this mode for 2CNTH™ is 7 times that
corresponding to the stretching mode, whereas that for 3CNTH™ is ~ 5 times that
arising from vng).

The NH and CH stretching modes for the studied species are characterized in region

where they are postulated to appear, i.e., in the range 3000 — 3800 cm ™" 9495 This part
of the spectrum is characteristics of NH and CH stretching modes. Indeed, the calculated
frequencies for the vy and vy stretching modes appear all and for both the 2 CNTH™ and
3CNTH" in the quoted region. In fact, as already stated above, the vy stretching modes
appear at ~ 3539cm™! for 2CNTH" and at ~ 3546cm™! for the 3CNTH™, respectively.
Likewise, regarding the vcy stretching modes, they are found at ~ 3102 (PED= 98%),
~ 3089 (PED= 100%) and 3081 cm™' (PED= 99%) for 2CNTH"; at ~ 3123 (PED= 98%),
~ 3112 (PED= 99%) and 3081 cm™' (PED= 100%) for 3CNTH".
As in the cases of non protonated forms, the v,_ stretching mode gives rise to a strong
transition whether in IR or Raman spectrum for both the two compounds. Another general
observation is that, whereas protonated forms show stronger IR spectral lines than non
protonated ones, these latter have stronger Raman spectral bands than the former.

presents the PED for stretching and bending modes as well as their IR
intensities for HCNH". The comparison beteen S10 and S11 results show that the NH
stretching modes in protonated cyanothiophenes intensities are more than two times greater
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Figure 6.4 — M06-2X/6-31G(d,p) gas phase simulated Raman spectra of (a) HCNH™", (b) 2CNTH™*
and (c) 3CNTH*.

Table 6.16 — Potential energy distribution for stretching and bending modes of HCNH* and IR in-

tensities.

Frequency IR Int. PED  Mode Atoms! PED  Mode Atoms!
(em™1) (km/mol) (%) h k 1 m (%) h k 1 m
3482.94 611.57 98% VNH 2 4 0 0
3187.90 249.68 96% VCH 1 3 0 0
2155.69 35.05 98% Vo= 1 2 0 0

791.15 183.41 51% yncn O 2 1 3 49%  yenn 0 01 2 4
791.15 183.41 51% ONCH 2 1 3 0 49% ScNH 1 2 4 0
756.00 21.77 51% ScNH 1 2 4 0 49% ONCH 2 1 3 0
756.00 21.77 51% yoenn 0 1 2 4 9% ynew 0 2 1 3

1 See Figure 1 for atom numbering.
v: stretching, §: in-plane bending and y: out-of-plane bending modes.

than in protonated cyanide. Conversely, CH stretching mode intensity in protonated is more
than ten times greater than in protonated cyanothiophenes. In the work by Altman et al. 2!,
it has reported that CH stretch intensity is &~ 30 % weaker than that of NH. Similarly,
whether for 2CNTH" and 3CNTH™, the NH intensity is found to be highly stronger than
the CH. In fact, the NH stretch intensity is 1360.3 km.mol™'; 16.9, 40.5 and 14.5 km.mol™"
for the three CH stretching modes for 3CNTH". For 2CNTH™, the calculated IR intensities
are 1330.0 km.mol™" for NH stretching mode; 23.1 28.4 and 2.8 km.mol™" for the three CH
stretching modes. The strongest of these last is &~ 33% weaker than the NH for 2CNTH™

129



and ~ 46 % weaker for 3CNTHT™, respectively. Our results provide new insights on the
way towards the identification of the protonated cyanothiophenes in the ISM. They also are
expected to assist experimental studies on these compounds. Thus, individual molecular IR
data needed to thrash out the possible misassignment of the UIRs features for each of these
molecules have been therefore provided.

6.3.5 Rotational spectrum of H-CNH" wvs rotational spectrum of 2CNTH" and
2CNTH*

The calculated rotational parameters for the three protonated species are provided in
For comparison, experimental data for HCNH* are also provided. This work
is the first investigation on rotational spectroscopic properties for 2CNTH' and 3CNTH™.
However, these molecular properties are valuable as a great number of molecular species al-
ready detected in space were detected thanks to their rotational transitions (see the Cologne
Database for Molecular Spectroscopy (CDMS) ).

Table 6.17 — M06-2X/6-31G(d,p) calculated (including empirical corrections) rotational constants,
and dipole moments.

Rotational HCNHT 2CNTHT 3CNTHT
parameters
A (MHz ) 0.000 5249.831 6953.084
B (MHz ) 37055.676 (37055.749)* 1756.883 1452.489
(MHz ) 37055.676 (37055.7491)* 1316.356 1201.497
e (MHz) 0.042 (0.048)* - -
A] (kHz) 0.102 0.045
Ax (kHz) 4.341 4.749
Ax; (kHz) 0.117 0.736
§; (kHz) 0.035 0.010
5k (kHz) 0.535 0.612
itq (Debye) 0.392 -0.888 0.822
iy, (Debye) 0.000 4.403 -5.972
ite (Debye) 0.000 0.000 0.000
ot (Debye) 0.392 4.491 6.028
laq (amu A2) 0.000 96.266 72.684
Iv, (amu A2) 13.670 287.657 347.941
Iee (amu A?) 13.670 383.922 420.625
Xaa (MHz) 1.120 1.057
Xvb (MHz) 0.615 0.394
Xce (MHz) -1.734 -1.451
Xab (MHZ) -0.060 -0.045
-0.776 -0.913

@ Experimental values from Ziurys et al. 341,

A molecule has a rotational spectrum if it has a permanent dipole moment. From these
results, it is clear that HCNH™ has a very low dipole moment compared to those of 2CNTH™
and 3CNTH". It is known that the rotational intensity is proportional to the square of the
dipole moment components®™8l. For this reason, it would be observed that the higher the
dipole moment of a molecular species, the stronger is its rotational transition. Nevertheless,
the comparison of line intensities for HCNH™ to those for 2CNTH* and 3CNTH™ shows
that the intensities in both these compounds are of the same order of magnitude. The line
intensities in 3CNTH" and 2CNTH™ are about twice those in HCNH™. It is not surprising
that the HCNH™ was among the earlier molecule species observed in the ISM by Ziurys et
al.B2331 - These authors observed, for the first time in ISM, its J =1+ —0, ] =2 « 1 and
] = 3 « 2 rotational transitions towards Srg B2 at 74, 148 and 222 GHz. Despite its low
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Figure 6.5 — Plots of rotational line transition intensities (including "N hyperfine quadrupole cou-
plings) for (a) HCNH™* and (b) 3CNTHT.
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Figure 6.6 — Comparison of '*N quadrupole hyperfine spectra of (a) 2CNTH™ and (b) 3CNTH™ for
different temperatures (T =7, 10, 30, 100 and 300 K).

dipole moment, H-CNH* has low moment of inertia and, consequently, very high rotational
constants (B=C; A being zero) (Table 6.5)) and hence, strong rotational transitions are
expected. In contrast, the C4H3S-CNH™ compounds (i.e., 2CNTH* and 3CNTH™), despite
their high dipole moments [ (2CNTH') &~ 11 x pu(H — CNHT) and p(3CNTH') ~ 15 x
i (H—CNH™")|, have high components of moment of inertia and, consequently, low rotational
constants compared to those of HCNH™. Even though HCNH™ have low dipole moment, its
rotational parameters are extremely higher than those of C4H3SCNH™ and, consequently, it
possesses stronger transitions than those of protonated thiophenes. Based on earlier works,
complex organic molecules (COMs), especially, unsaturated ones, were predominantly found
in dense and cold regions such as TMC-1H7. The protonated cyanothiophenes under this
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study, as well as their neutral forms, can therefore be expected to be found in these regions.
Meanwhile, the HCNH™" has been also detected in TMC-1 (T &~ 10K) through the hyperfine
structure of the ] =1 — 0 transition by Ziurys et al.¥2 and through ] =2 — 1 transition
at 148221.422 MHz and ] = 3 — 2 transition at 222329.401 MHz by Schilke et al. 9. Tt
has also been detected in L1544 (T ~ 7 K)H00,

Table 6.18 — M06-2X/6-31G(d,p) calculated frequencies and intensities for hyperfine structures of
HCNH™ and for strongest rotational lines of 2CNTH™ at 10 K.

HCNH™ 2CNTH™
Trans® Vexp Veale Int Trans® Veale Int

34 — 23 222329.2990  222329.2990  3.565E-02 150,1516 140)1415 41301.013  4.880E-02
21, 148221.4671  2.726E-02 1511516 « 14 1415  41297.301  4.879E-02
33 -2, 222329.2939  2.465E-02 1321114 1251013 42136.555  4.866E-02
45 + 34 296433.6520 296433.6613  2.398E-02 14,1415 « 1301314 38639.023  4.844E-02
4y — 33 296433.6580  1.840E-02 1431115 < 1331014  47015.540  4.844E-02
3, «— 24 222329.2725  1.664E-02 1471415 1371314 38632.131  4.843E-02
2, — 14 148221.4580 1.460E-02 ]33)10]4 — 123,913 43730.185 4.834E-02
43 «— 3, 296433.6489  1.402E-02 1231013 + 112912 39376.262  4.803E-02
56 « 45 370533.3955  9.567E-03 160,1617 + 1501516 43963.855  4.794E-02
55 « 44 370533.3932  7.771E-03 161,1617 « 1511516 43961.875  4.793E-02
15, « 04 74111.3300 74111.3290 6.809E-03 142 1215 1321114 44766.624  4.773E-02
21 1 148221.4500 148221.3512 6.491E-03 130,1314  120,1213  35978.508  4.682E-02
54 « 43  370533.3750 370533.3882  6.296E-03 1311314 « 1271213 35965.863  4.679E-02
AR 148221.6716  4.868E-03 1531216 + 1431115  50140.694 4.668E-02
2«1, 148221.3298  4.868E-03 1471315 13711214 41437.796  4.668E-02
17 « 04 74111.1400 74111.2008 4.085E-03 1311214 12717113 38837.470  4.628E-02
3 — 2, 222329.4862  3.081E-03 123913 «— 113312 40306.271  4.620E-02
35 23 999329.1565  3.081E-03 1451315  132.1,14  41257.125  4.616E-02
67 «— 5¢ 444627.3610  444627.3439  2.411E-03 170,1718 = 1601617  46627.186  4.598E-02
66 « 55 444627.3422  2.031E-03 1711718 «— 1611617  46626.139  4.598E-02
65 — 54 444627.3390 1.709E-03 151,1416 < 1471315  44057.406  4.594E-02
1o « 04 74111.5400 74111.5213 1.362E-03 1521416 < 1421315 43947.098  4.566E-02
4y — 34 296433.5156  1.226E-03 150,1515 1401414  41301.013  4.564E-02
43 33 296433.8412  1.226E-03 1511515 ¢ 147 1414 41297.301  4.563E-02
78 « 67 518714.3310 518714.3490 3.970E-04 1521316 «— 14, 1215  47315.313  4.559E-02
77  bg 518714.3478  3.431E-04 112,912 1055811 36459.406  4.558E-02
211, 148221.5435  3.246E-04 13,1214 12517113 38551.037  4.541E-02
54 «— 44 370533.5713  3.238E-04 1401414 1301313 38639.023  4.509E-02
55 « 45 370533.2476  3.238E-04 1431114 « 1331013 47015.540  4.508E-02
76 — 65 518714.3455  2.964E-04 147 1414 1371313 38632.131  4.507E-02
32« 23 222329.3488  8.802E-05 1321113 1221012 42136.555  4.504E-02
65 « 55 444627.5170  5.804E-05 160,1616 < 1501515  43963.855  4.502E-02
66 — 5¢ 444627.1943  5.804E-05 161,1616 < 1571515 43961.875  4.502E-02
8o — 73 592793.2536  4.358E-05 1291113 « 1151012 36257.450  4.475E-02
8g «— 77 592793.2526  3.838E-05 1331013 « 123912 43730.185  4.474E-02
87 «— 76 592793.2510  3.379E-05 1421214 1321113 44766.624  4.442E-02
43 34 296433.6987  1.947E-05 1611517 < 1511416 46691.873  4.420E-02
76 — bg 518714.5203  7.148E-06 1231012 = 113,511 39376.262  4.416E-02
77 — 67 518714.1982  7.148E-06 1651517 « 155 1416  46626.213  4.404E-02
54 «+ 45 370533.4256  3.271E-06 1201213 « 11,1112 33320.503  4.397E-02
910 « & 666862.9003  3.230E-06 1291213 « 11717112 33297.630  4.389E-02
99 — 8g 666862.8995  2.887E-06 1431215 < 1331114 43489.921  4.373E-02
9g «— 87 666862.8983  2.579E-06 1531215 « 14317114 50140.694  4.365E-02
87 «— 77 592793.4235  6.093E-07 1471314 < 1371213 41437.796  4.344E-02
8g «— 73 592793.1018  6.093E-07 1631317 « 1531216 53091.100 4.342E-02

(Continued)
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Table 6.18 — (Continued)

HCNH™ 2CNTH™
Trans® Vexp Veale Int TransP Veale Int
65 « 5¢ 444627.3691  4.057E-07 12,1113 < 1121012 35822.299  4.335E-02

& Trans.—Transition ]’ « J;? Trans.—Transition ]%7] Ko F o« ],27] Ko F”; int (intensity) in nm2MHz.
¢ Experimental values for HCNH* in Quénard et al. 1001

Table 6.19 — M06-2X/6-31G(d,p) calculated frequencies and intensities for hyperfine strongest lines
of 2CNTH* and 3CNTH™ at 10 K.

2CNTH™* 3CNTH™*

Tran.s® Veale Int Tran.s? Veale Int

150,1516 ¢ 1401415 41301.013 4.880E-02 151,1416 144 1315 40440.825 5.018E-02
1511516 1471415 41297.301 4.879E-02 1411315 « 131,1214 37963.137 5.003E-02
1321114 1221013 42136.555 4.866E-02 150,1516 1401415 37647.125 4.968E-02
]40’14]5 — 130‘1314 38639.023 4.844E-02 160’1617 — ]5071516 40052.973 4.962E-02
143)1115 — 133,1014 47015.540 4.844E-02 161‘1617 — ]51’15]6 39952.859 4.929E-02
1411415 1371314 38632.131 4.843E-02 151,1516 141 1415 37513.859 4.920E-02
133,1014 « 123913 43730.185 4.834E-02 1521316 « 14, 1215 41843.709 4.912E-02
1251013 112912 39376.262 4.803E-02 161,1517 « 1571,1416 42880.665 4.909E-02
160)1617 — 150‘1516 43963.855 4.794E-02 ]40’14]5 — ]30,13]4 35244.992 4.859E-02
161)1617 — 151‘1516 43961.875 4.793E-02 142‘1215 — ]32,1114 39059.133 4.858E-02
1451215 13,1114 44766.624 4.773E-02 1311214 127 1113 35442.884 4.853E-02
130,1314 « 120,1213 35978.508 4.682E-02 170,1718 ¢ 160,1617 42462.406 4.848E-02
1311314 « 1271,1213 35965.863 4.679E-02 162,1417 « 1571316 44593.865 4.827E-02
153,1216 « 1431115 50140.694 4.668E-02 1711718 = 161,1617 42388.117 4.825E-02
1411315 137 1214 41437.796 4.668E-02 1471 1415 ]3171314 35070.215 4.794E-02
1311214 127 1113 38837.470 4.628E-02 1711618 ¢+ 1671,1517 45290.169 4.694E-02
123913 113312 40306.271 4.620E-02 151,1415 ¢ 147 1314 40440.825 4.693E-02
1421315 « 13,1214 41257.125 4.616E-02 160,1616  15¢,1515 40052.973 4.660E-02
170,1718  160,1617 46627.186 4.598E-02 1321114 12,1013 36244.576 4.660E-02
171)1718 — 161‘1617 46626.139 4.598E-02 141‘1314 — 131,1213 37963.137 4.656E-02
15])1416 — 141,1315 44057.406 4.594E-02 150‘1515 — ]40,14]4 37647.125 4.646E-02
1551416 + 143 1315 43947.098 4.566E-02 180,1819 ¢+ 17,1718 44874977 4.638E-02
150,1515 1401414 41301.013 4.564E-02 130,1314  120,1213 32846.029 4.634E-02
1511515 « 147 1414 41297.301 4.563E-02 161,1616 < 1571,1515 39952.859 4.629E-02
152)1316 — 142‘1215 47315.313 4.559E-02 181‘1319 — ]71,17]8 44820.416 4.623E-02

a L gt ’ ’ " //. . . . . 2
Trans.=Transition Ji  F « Jg  ,F ;int (intensity) in nm“MHz

The M06-2X/6-31G(d,p) calculated and experimental hyperfine spectra for

HCNH?" (for ] < 10) as well as calculated strongest hyperfine transitions for 2CNTH*
at T = 10K are presented in [Table 6.18f A comparison of 3CNTH* spectrum with that
of 2CNTH', at the same temperature, is shown in [Table 6.19] Likewise, the hyperfine
line intensities for various temperatures (T = 7.00, 10, 30.00, 100.00, 150 and 300 K) are
plotted in Figures [Figure 6.5 and [Figure 6.6 A careful analysis of these spectra shows that
lines are stronger for lower temperatures. The analysis of these spectra shows that, whereas
transition lines are about of the same intensity for HCNH' and 2CNTH™, they are about
four times stronger for 3CNTH™ than for the two first compounds. A comparison of the
transition line intensities at different temperatures reveals also that at low temperatures
(T=7Kand T =10K = temperatures similar or approaching that prevailing in TMC-1 or
in many cold molecular clouds™™), the brightest rotational lines for these molecular species
fall almost in the same region, i.e., around ~ 100 GHz.

These results are expected be of great importance for astro-scientists in the search of new
species, espacially protonated species investigated in this work.
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6.4 Conclusions

Theoretical and experimental spectroscopic data for protonated cyanothiophenes (R-
CNH* with R = C4H3S) which are needed for their interstellar search and/or detection are
still lacking in the literature. A quantum chemical investigation on protonated thiophene
and two of its nitrile substituted derivatives (2-cyanothiophene and 3-cyanothiophene) was
performed for their characterization. The geometrical structures, IR, and rotational pa-
rameters were calculated at M06-2X/6-31G(d,p) level of theory, followed by an empirical
correction for systematic errors (for geometrical structure). The thermodynamics prop-
erties investigated were computed using G2(MP2) and G3B3 levels of theory at different
temperatures prevailing in the ISM regions where molecular species are expected to be found
(5 < T < 300K). For the first time, the present work, (i) the IR and Raman spectra of
the species under study are explored on the basis of PED; (ii) the rotational and hyper-
fine spectra for the title species and stronger lines frequencies and intensities discussed at
T = 10K (temperature prevailing in cold cores where they are expected to be found); (iii)
the proton affinity for thiophene and R — CN is analyzed: the protonation found to favor
the o-position for thiophene ring whether this site is substituted or not, while occurring at
N-atom for R — CN; (iv) A.H, A,S and A,G for the reaction yielding R — CNH™ and their
neutral forms are studied at different temperatures (T =5, 10, 298 and 1000 K) and pres-
sures (P = 1T atm and P = 107> atm) suggest spontaneous formation of the products in the
ISM environments. These results are therefore expected to serve as a guide for laboratory
works but also to assist astro-scientists in the search of new species in the ISM.

6.5 References

[1] K. Chatterjee and O. Dopfer. ApJ, 865(2):114, 2018.

[2] A. G. Tielens. Annu. Rev. Astron. Astrophys., 46:289-337, 2008.

[3] T.P.Snow and V. M. Bierbaum. 2008.

[4]  P. Ehrenfreund and S. B. Charnley. ARAA, 38(1):427-483, 2000.

[5] C. R. Arumainayagam, R. T. Garrod, M. C. Boyer, A. K. Hay, S. T. Bao, J. S.
Campbell, J. Wang, C. M. Nowak, M. R. Arumainayagam, and P. J. Hodge. Chem.
Soc. Rev., 48(8):2293 2314, 2019,

[6] F. L. Schoier, J. Jorgensen, E. Van Dishoeck, and G. . Blake. A&A, 390(3):1001-1021,
2002.

[7] H. Gail and E. Sedlmayr. Faraday Discuss., 109, 1998.

[8] R. I Kaiser. Chem. Rev., 102(5):1309-1358, 2002.

[9] T. Oka. Faraday Discuss., 150:9-22, 2011.

[10] W. D. Watson. ApJ, 183:L17, 1973.

[11] E. Herbst and W. Klemperer. ApJ, 185:505-534, 1973.

[12] T. P. Snow and B. J. McCall. Annu. Rev. Astron. Astrophys., 44:367-414, 2006.

[13] M. Agundez. Interstellar chemical models. In Laboratory Astrophysics, pages 219-232.
Springer, 2018.

[14] K. I. 6berg. Chem. Rev., 116(17):9631-9663, 2016.

[15] E. Herbst. Int. Rev. Phys. Chem., 36(2):287-331, 2017.

[16] J. Chantzos, S. Spezzano, C. Endres, L. Bizzocchi, V. Lattanzi, J. Laas, A. Vasyunin,
and P. Caselli. A&A, 621:A111, 2019.

[17] E. Herbst and E. F. Van Dishoeck. ARA&A, 47:427-480, 2009.

[18] N. Solca and O. Dopfer. Angewandte Chemie International Edition, 41(19):3628-3631,
2002.

134



21]

22]
23]
[24]
[25]
[26]
[27]
28]
29]
[30]
[31]
32]

[33]
[34]
[35]
[36]
[37]
38
139]

|44]
[45]

[46]
[47]
48]
[49]
[50]
[51]

[52]

N. Solca and O. Dopfer. Chem. Phys. Lett., 342(1-2):191-199, 2001.

H. Calcutt, J. K. Jgrgensen, H. Miiller, L. E. Kristensen, A. Coutens, T. Bourke,
R. Garrod, M. Persson, M. Van Der Wiel, E. Van Dishoeck, et al. arXiv preprint
arXiv:1804.09210, 2018.

D. McNaughton, M. K. Jahn, M. J. Travers, D. Wachsmuth, P. D. Godfrey, and J.-U.
Grabow. Mon. Not. R. Astron. Soc., 476(4):5268-5273, 2018.

W. D. Geppert and M. Larsson. Mol. Phys., 106(16-18):2199-2226, 2008.

H. Tachikawa, T. Iyama, and T. Fukuzumi. A&A, 397(1):1-6, 2003.

R. S. Altman, M. W. Crofton, and T. Oka. J. Chem. Phys., 80(8):3911-3912, 1984.
R. S. Altman, M. W. Crofton, and T. Oka. J. Chem. Phys., 81(10):4255-4258, 1984.
T. Amano and K. Tanaka. J. Mol. Spectrosc., 116(1):112-119, 1986.

P. Botschwina. Chem. Phys. Lett., 124(4):382-390, 1986.

D.-J. Liu, S.-T. Lee, and T. Oka. J. Mol. Spectrosc., 128(1):236-249, 1988.

W.-C. Ho, C. E. Blom, D.-J. Liu, and T. Oka. J. Mol. Spectrosc., 123:251-253, 1987.
V. Brites and L. Jutier. J. Mol. Spectrosc., 271(1):25-32, 2012.

M. Araki, H. Ozeki, and S. Saito. Astrophys. J. Lett., 496(1):L53, 1998.

L. Ziurys and B. Turner. Detection of interstellar henh+. In Bull. Am. Astron. Soc.,
volume 17, page 871, 1985.

L. M. Ziurys and B. Turner. ApJ, 302:L31-1.36, 1986.

L. M. Ziurys, A. Apponi, and J. Yoder. ApJ, 397:1.123-1.126, 1992.

B. A. McGuire. Astrophys. J. Suppl. Ser., 239(2):17, 2018.

D. Flower, G. P. Des Foréts, and C. Walmsley. AéA, 456(1):215-223, 2006.

S. Derenne and F. Robert. Meteorit. Planet. Sci., 45(9):1461-1475, 2010.

M. Bose, R. Root, and S. Pizzarello. Meteorit. Planet. Sci., 52(3):546-559, 2017.

L. Remusat, F. Palhol, F. Robert, S. Derenne, and C. France-Lanord. Farth Planet.
Sci. Lett., 243(1-2):15-25, 2006.

J. Yang and S. Epstein. Nature, 311(5986):544, 1984.

J. L. Eigenbrode, R. E. Summons, A. Steele, C. Freissinet, M. Millan, R. Navarro-
Gonzalez, B. Sutter, A. C. McAdam, H. B. Franz, D. P. Glavin, et al. Science, 360
(6393):1096-1101, 2018.

R. Martin-Doménech, I. Jiménez-Serra, G. M. Caro, H. Miiller, A. Occhiogrosso,
L. Testi, P. Woods, and S. Viti. AéA, 585:A112, 2016.

B. A. McGuire, C. N. Shingledecker, E. R. Willis, K. L. K. Lee, M.-A. Martin-Drumel,
G. A. Blake, C. L. Brogan, A. M. Burkhardt, P. Caselli, K.-J. Chuang, et al. ApJ,
883(2):201, 2019.

T. Oka. Proc Natl Acad Sci USA, 103(33):12235-12242, 2006.

A. Dalgarno. Terrestrial and extraterrestrial hj. In Adv. At. Mol. Opt., volume 32,
pages b7-68. Elsevier, 1994.

T. Geballe and T. Oka. Nature, 384(6607):334-335, 1996.

B. McCall, T. Geballe, K. Hinkle, and T. Oka. ApJ, 522(1):338, 1999.

B. J. McCall and T. Oka. Science, 287(5460):1941-1942, 2000.

Y. Yokoyama, Y. Yamashita, K. Takahashi, and T. Sone. Chem. Lett., 10(6):813-814,
1981.

Y. Yokoyama, Y. Yamashita, K. Takahashi, and T. Sone. Bull. Chem. Soc. Jpn., 56
(8):2208-2211, 1983.

Y. Yamashita, H. Kobayashi, A. Yoshino, K. Takahashi, and T. Sone. Bull. Chem.
Soc. Jpn., 57(5):1312-1316, 1984.

Y. Yamashita, A. Yoshino, K. Takahashi, and T. Sone. Magn. Reson. Chem., 24(8):
699-704, 1986.

135



[53]

[54]

ot
AN

"ot
=)

ot
=

[58]

[59]
[60]
[61]
|62]
|63]
[64]

[65]

|66]

E. P. Hunter and S. G. Lias. NIST Chemistry WebBook, NIST Standard Reference
Database Number, 69, 2005.

M. Szajda and J. N. Lam. Comprehensive Heterocyclic Chemistry I, pages 438-490,
1996.

V. Barone, M. Biczysko, and C. Puzzarini. Acc. Chem. Res., 48(5):1413-1422, 2015.
R. Dennington, T. A. Keith, and J. M. Millam. Inc., Wallingford, 2008

M. J. Frisch, G. Trucks, H. Schlegel, G. Scuseria, M. Robb, J. Cheeseman, G. Scalmani,
V. Barone, B. Mennucci, G. Petersson, et al. Inc.: Wallingford, CT, 2009.

N. V. Riggs, L. Radom, M. Winnewisser, B. P. Winnewisser, M. Birk, et al. Chem.
Phys., 122(2):305-315, 1988

C. C. J. Roothaan. J Rev. Mod. Phys., 23(2):69, 1951.

J. A. Pople, J. S. Binkley, and R. Seeger. Int. J. Quantum Chem., 10(S10):1-19, 1976.
A. Becke. J. Chem. Phys., 98(5):648-5, 1993.

C. Lee, W. Yang, and R. G. Parr. Phys. Rev. B, 37(2):785, 1988

Y. Zhao and D. G. Truhlar. Theor. Chem. Acc., 120(1-3):215-241, 2008.

M. Towler. Furopean Summer School” Ab initio modelling in solid-state chemistry”,
Turin, 2000.

L. A. Curtiss, K. Raghavachari, and J. A. Pople. J. Chem. Phys., 98(2):1293-1298,
1993.

L. A. Curtiss, P. C. Redfern, K. Raghavachari, V. Rassolov, and J. A. Pople. J. Chem.
Phys., 110(10):4703-4709, 1999.

L. A. Curtiss, P. C. Redfern, and K. Raghavachari. J. Chem. Phys., 127(12):124105
2007.

A. G. Baboul, L. A. Curtiss, P. C. Redfern, and K. Raghavachari. J. Chem. Phys.,
110(16):7650-7657, 1999.

J. A. Montgomery Jr, M. J. Frisch, J. W. Ochterski, and G. A. Petersson. J. Chem.
Phys., 110(6):2822-2827, 1999.

T. Sundius. J. Mol. Struct., 218:321-326, 1990.

T. Sundius. Vib. Spectrosc., 29(1-2):89-95, 2002.

H. M. Pickett. J. Mol. Spectrosc., 148(2):371-377, 1991.

R. Simbizi, G. Gahungu, and M. T. Nguyen. SAA.

M. T. Nguyen, A. K. Chandra, et al. J. Chem. Soc. Faraday Trans., 94(9):1277-1280,
1998.

E. P. Hunter and S. G. Lias. J. Phys. Chem. Ref. Data, 27(3):413-656, 1998.

A. Vasyunin and E. Herbst. ApJ, 769(1):34, 2013

A. Bacmann, V. Taquet, A. Faure, C. Kahane, and C. Ceccarelli. A&A, 541:1.12,
2012.

A. Yertisbayeva, Z. Salkenova, A. Sembayeva, and R. J. O’Reilly. Chem. Data Collect.,
9:98-103, 2017.

S. H. El-Demerdash and S. F. Gad. Struct. Chem., 31(1):319-328, 2020.

F. Lique, F. Daniel, L. Pagani, and N. Feautrier. Mon. Not. R. Astron. Soc., 446(2):
1245-1251, 2015.

P. Matczak. Computation, 4(1):3, 2016.

T. Racek, O. Schindler, D. Tousek, V. Horsky, K. Berka, J. Koca, and R. Svobodova.
Nucleic. Acids Res., 48(W1):W591-W596, 2020.

S. Sarkar, S. Shil, S. Paul, and A. Misra. J. Mol. Struct. THEOCHEM, 916(1-3):
154-158, 20009.

T. L. Brown, H. E. LeMay Jr, and B. E. Bursten. Chemical Thermodynamics of
Zirconium. NEA OFECD, Elsevier, ISBN-13, pages 9780, 2005.

136



[85]
[36]
[87]
38
[89]
[90]

191]

[96]
197]

98]
[99]

C. Vastel, T. Phillips, and H. Yoshida. Astrophys. J. Lett., 606(2):L127, 2004.

T. Millar, A. Bennett, and E. Herbst. ApJ, 340:906-920, 1989.

D. Gerlich, E. Herbst, and E. Roueff. Planet. Space Sci., 50(12-13):1275-1285, 2002.
T. Millar. Planet. Space Sci., 50(12-13):1189-1195, 2002.

R. Stark, F. F. van der Tak, and E. F. van Dishoeck. Astrophys. J. Lett., 521(1):L67,
1999.

P. Caselli, F. Van der Tak, C. Ceccarelli, and A. Bacmann. A&A, 403(3):L37-141,
2003.

R. Stark, G. Sandell, S. C. Beck, M. R. Hogerheijde, E. F. Van Dishoeck, P. Van
Der Wal, F. F. van der Tak, F. Schéfer, G. J. Melnick, M. L. Ashby, et al. ApJ, 608
(1):341, 2004.

T. Millar, H. Roberts, A. Markwick, and S. Charnley. Philosophical Transactions
of the Royal Society of London. Series A: Mathematical, Physical and Engineering
Sciences, 358(1774):2535-2547, 2000.

C. Ceccarelli and C. Dominik. A&A, 440(2):583-593, 2005.

K. Chatterjee and O. Dopfer. J. Chem. Phys., 149(17):174315, 2018.

M. Schiitz, Y. Matsumoto, A. Bouchet, M. Oztiirk, and O. Dopfer. Phys. Chem.
Chem. Phys., 19(5):3970-3986, 2017.

C. P. Endres, S. Schlemmer, P. Schilke, J. Stutzki, and H. S. Miiller. J. Mol. Spectrosc.,
327:95-104, 2016.

H. Pickett, R. Poynter, E. Cohen, M. Delitsky, J. Pearson, and H. Miiller. Journal of
Quantitative Spectroscopy and Radiative Transfer, 60(5):883-890, 1998.

H. Pickett, R. Poynter, and E. Cohen. 1992.

P. Schilke, C. Walmsley, T. Millar, and C. Henkel. A&/A, 247:487-496, 1991.

[100] D. Quénard, C. Vastel, C. Ceccarelli, P. Hily-Blant, B. Lefloch, and R. Bachiller. Mon.

Not. R. Astron. Soc., 470(3):3194-3205, 2017.

[101] P. Solomon, D. Sanders, and A. Rivolo. ApJ, 292:1.19-1.24, 1985.

137



CHAPTER 7

(GENERAL CONCLUSIONS

Quantum chemical calculations on the structures and basic spectroscopic properties,
from which spectroscopic properties of relevant astrophysical interest are computed, were
carried out for both cyanothiophene compounds 2 CNT and 3 CNT and some of their iso-
topologues and protonated forms at M06-2X/6-31G(d,p) level of theory. Thermodynamic
properties were carried out using G2(MP2) and G3B3. Following then the empirical correc-
tions for systematic deficiencies of methods and basis sets to adjust geometrical parameters,
the molecular geometry for the parent thiophene was determined and an excellent agree-
ment with experimental data achieved. An agreement between the available experimental
and calculated values for the fundamental vibrational frequencies of the parent compound
(thiophene) was also fulfilled. The same strategy was subsequently used for both cyano
derivatives 2 CNT and 3 CNT, some of their isotopologues and protonated forms. Geomet-
rical parameters and thereby the rotational, centrifugal and quadrupole coupling constants,
dipole moments (total and axis components), moments of inertia, etc for different molecular
species investigated in this work have thus been obtained. In the present work i) reliable
molecular geometries are provided, ii) a complete description of both IR and Raman spectra
made, including IR frequency assignment on the basis of PED analysis, iii) both IR and
Raman spectra for deuterated derivatives are predicted, iv) electronic UV-VIS spectra for
both 2 CNT and 3 CNT as well as thiophene are predicted 2 CN'T being expected to absorb
the interstellar in the UV region at 218 nm, the main electronic transitions are elucidated
and corresponding Molecular Orbitals plotted, v) IR and Raman spectral bands for all the
fundamental vibrational modes, including C-D modes, are identified and assigned vi) Ro-
tational spectra and quadrupole hyperfine structures were carried out for 2 CNT, 3CNT
and some of their isotopologues, having a spin I > 1 and a quadrupole electric moment
different to zero (**S-3 CNT, *S-2CNT and 3C'’NT-2D and 2C'>NT-3D) as well as
for protonated cyanothiophenes (2CNTH"' and 3 CNTH™); line intensities and line profiles
for strong lines are discussed for different temperatures, temperatures prevailing, especially,
in regions where these compounds are expected to be detected, vii) the thermodynamics
properties were investigated using G2(MP2) and G3B3 levels of theory at different tem-
peratures prevailing in the ISM regions where molecular species are expected to be found
(5.00 < T < 300.00K): the proton affinity for thiophene and R — CN is analyzed and the
protonation found to favor the x-position for thiophene ring whether this site is substituted
or not and occurs at N-atom for R — CN; viii) A;H, A,S and A,G for the reaction yield-
ing R— CNH', R— CND™" and their neutral forms are studied at different temperatures
(T = 5.00, 10.00, 298.15 and 1000.00K) and pressures (P = 1atm and P = 107° atm)
suggest spontaneous formation of the products in the ISM environments. These results,
supported by those of the différent works on the sulfur abundance in the ISM (e.g. ?) and
those of the work by McGuire et al.l” || lead us to assert that cyanothiophenes (2CNT and
3CNT, their protonated forms, i.e. 2CNTH", 3CNTH", 2CNTD" and 3CNTD"), but also
their different isotopologues, do exist in the interstellar medium. The different spectroscopic
results in this thesis are therefore intended to contribute to their detection in different ISM
environments. We hope then that these predicted results are helpful to assist astrophysicists
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and astrochemists in the experimental search of these aromatic species in the interstellar
space, hoping also that they could influence or induce other research works, particularly,
experimental ones aiming at the search of these species in space.
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APPENDIX A

APPENDIX

A.1 Geometric structure corrections
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Table A.6 — Corrections for 1 geometrical parameters (bond lengths in A, bond angles in degree) and their predicted

values from analysis of compounds 2, 3,4, 5, 6 and 7

C=C C-C
HF MP2 MP3 B3LYP M06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G*  6-31G** 6-311G* 6-31G**  6-31G** 6-31G*  6-31G** 6-311G* 6-31G** 6-31G**
2? -0.022 0.004 0.000 0.000 -0.005 0.01 -0.004 0.011 0.004 0.003
3> -0.024 0.001 -0.003 -0.004 -0.009 0.01 0.001 0.012 0.008 0.006
4° -0.029 0.005 -0.004 -0.006 0.012 0.006 -0.014 0.003 -0.002 0.002
54 -0.024 0.008 -0.004 -0.001 -0.006 0.020 0.001 0.015 0.013 0.011
6° -0.023 0.008 0.0 -0.002 -0.006 0.032 0.015 0.029 0.026 0.023
d -0.037  -0.006 -0.015 -0.015 -0.020 0.017 -0.001 0.015 0.009 0.008
Mean -0.027 0.003 -0.004 -0.005 -0.006 0.016 0.000 0.014 0.010 0.009
Corrected val.8  1.372 1.373 1.372 1.372 1.369 1.421 1.419 1.419 1.420 1.420
Average of® 1.372 1.420
Corrected val.
C-H1 C-H2
2° -0.007 0.000 0.002 70.004 0.003 -0.009  -0.001 0.002 0.004 0.002
3> -0.006 0.000 0.004 0.004 0.003 -0.006 0.000 0.004 0.004 0.003
4° -0.025  -0.018 -0.015 -0.015 -0.016 -0.025  -0.019 -0.015 -0.015 -0.015
54 -0.019  -0.012 -0.015 -0.009 -0.010 -0.015  -0.008 -0.011 -0.005 -0.006
6° -0.001 0.007 0.008 0.010 0.009 -0.002 0.006 0.007 0.009 0.009
7t - - - - - - - - - -
Mean -0.012 -0.005 -0.003 -0.001 -0.002 -0.011 -0.004 -0.003 -0.001 -0.001
Corrected val.2  1.083 1.083 1.083 1.082 1.082 1.085 1.084 1.086 1.085 1.084
Average of P 1.083 1.085
Corrected val.
S-C C-S-C

continued



Table A.6 — (continued)

HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G* 6-31G** 6-311G* 6-31G™*  6-31G** 6-31G* 6-31G** 6-311G* 6-31G** 6-31G**

LVl

4° 0.007 0.005 0.004 0.017 0.006 -0.9 -0.1 -0.6 -0.7 -0.2
54 0.014 0.003 0.015 0.023 0.010 1.2 -0.5 -1.1 -1.0 -0.8
6° 0.015 0.006 0.014 0.028 0.015 -0.5 -0.1 -0.5 -0.5 -0.3
d 0.011 0.003 0.011 0.021 0.009 -0.8 -0.2 -0.6 -0.6 -0.5
Mean 0.012  0.004 0.011  0.022 0.010 -0.9 -0.2 -0.7 -0.7 -0.5
Corrected val.8  1.714 1.713 1.713 1.714 1.713 92.2 92.1 92.2 92.2 92.2
Average of P 1.713 92.2
Corrected val.
/C=C-C /C—C—H
22 -0.5 -0.1 -04 0.0 -0.2 -0.4 -0.4 -0.3 -0.6 -04
3P -0.3 -0.1 -0.2 0.0 -0.1 -0.2 0.1 -0.2 -0.3 -0.2
4° -0.2 -04 -0.5 0.0 -0.4 - - - - -
54 -1.1 -1.2 -1.2 -1.0 -1.1 - - - - -
6° -1.2 -1.3 -1.g5 -0.7 -1.3 0.1 0.4 0.2 -0.5 -0.2
d - - - - - - - - - -
Mean -0.7 -0.6 -0.8 -0.3 -0.6 -0.2 0.0 -0.1 -0.5 -0.3
Corrected val.e  113.2 113.0 113.0 113.0 113.1 124.0 124.5 124.3 124.4 124.4
Average of P 113.1 124.3
Corrected val.
/S—C—H /C=C—H
22 - - - - - 0.7 0.1 0.5 0.1 0.4
3b - - - - - 0.5 0.1 0.3 0.2 0.2
4° -0.7 -0.7 -0.9 -1.0 -0.9 -0.2 -0.8 -0.4 -0.5 -04
54 0.6 0.4 0.3 0.2 0.2 - - - - -

continued
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Table A.6 — (continued)

HF MP2 MP3 B3LYP M06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G*  6-31G** 6-311G* 6-31G**  6-31G** 6-31G*  6-31G** 6-311G* 6-31G**  6-31G**
6° -0.2 -0.4 -0.6 -0.6 -0.6 0.1 0.4 0.2 -0.5 -0.2
7t - - - - - - - - - -
Mean -0.1 -0.2 -04 -0.5 -04 0.3 -0.1 0.2 -0.2 0.0
Corrected val.2  120.5 120.4 120.4 120.5 120.5 123.0 123.2 123.2 123.5 123.4
Average of B 123.3 120.5

Corrected val.

¢ Experimental values are from Bak et a. (1962); table values =calculated values (at each level of theory) - Experimental values.

® Experimental values are found from Nielsen et al. (1969); table values =calculated values (at each level of theory) - Experimental values.
¢ Experimental values are found from Tanabe et al. (1995); table values =calculated values (at each level of theory) - Experimental values.
¢ Experimental values are found from Ogata et al. (1972) ; table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found from Kovtun et al. (2015); table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found from Jin et al. (2019); table values =calculated values (at each level of theory) - Experimental values.

Relevant calculated values are given in [lable A.1

Average of all functionals
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Table A.7 — Experimental and Calculated frequencies (cm™'), infrared intensities (kmmol™') and
Raman activities (A%/amu) and Raman intensities (x 10~2*F2.m~".kg~") of deuterated

form of 1
N.Sc. Freq. Exp.! Exp.? Cal. IR Int Ram Int
3324 3126 3126 3118 1.81 228.62
3321 3112 3125 3116 0.13 5.46
3284 3078 3098 3080 2.10 123.51
3270 3065 3098 3068 4.18 94.47
1583 1510 1507 1517 0.34 0.14
1478 1410 1409 1408 10.05 24.62
1417 1364 1360 1365 4.17 17.92
1280 1256 1256 1260 9.32 0.01
1107 1085 1085 1081 3.76 10.11
1103 1082 1083 1078 5.68 10.95
1072 1036 1036 1028 1.70 8.39
935 900 898 905 0.00 1.23
900 873 872 878 0.57 0.85
896 866 867 873 1.14 0.04
868 840 839 840 28.26 12.70
772 754 751 749 0.01 4.69
730 712 712 712 117.60 1.29
698 684 683 679 0.00 4.28
621 609 608 602 0.26 6.51
585 564 565 568 0.00 0.00
466 452 452 447 0.79 1.48

! Bozlowskil et al. (995).
2 Rico et a. (1965).
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Table A.8 — Corrections for 8 geometrical parameters (bond lengths in A, bond angles in degree) and their predicted values
from analysis of similar compounds®

C=C C-C
HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G* 6-31G** 6-311G* 6-31G**  6-31G** 6-31G*  6-31G** 6-311G* 6-31G**  6-31G**
Mean? -0.027 0.003 -0.004 -0.005 -0.006 0.016 0.000 0.014 0.010 0.009
Corrected val.P! 1.378 1.381 1.378 1.383 1.377 1.423 1.425 1.424 1.427 1.424
Corrected val? 1.369 1.370 1.369 1.368 1.366
Avergae of8 1.379 (C2=C3) & 1.368 (C4=C5) 1.425
Corrected val.
C2-H C4-H
Mean -0.012 -0.005 -0.003 -0.001 -0.002 -0.011 -0.004 -0.003 -0.001 -0.001
Corrected val.P 1.082 1.083 1.084 1.082 1.082 1.084 1.085 1.085 1.084 1.084
Average of 1.083 1.084
Corrected val.®
S-C2 & S-Ch /C—-S—-C
Correction 2 0.012 0.004 0.011 0.022 0.010 -0.9 -0.2 -0.7 -0.7 -0.5
value
Corrected val.P 1.701 1.704 1.703 1.701 1.701 92.5 91.6 92.5 92.5 92.5
Corrected val.© 1.714 1.712 1.714 1.714 1.714
Aver. Corrected val.® 1.702 (S1-C2) & 1.714 (S-C5) 92.3
/C5=C4—H /S1—C2—H& 4251 —-—C5—H
Mean 0.3 -0.1 0.2 -0.2 0.0 -0.1 -0.2 -0.4 -0.5 -0.4

continued
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Table A.8 — (continued)

Corrected val.f
Corrected val.f

Average of
Corrected val.

HF MP?2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP  M06-2X
6-31G* 6-31G** 6-311G* 6-31G**  6-31G** 6-31G*  6-31G** 6-311G* 6-31G*™*  6-31G**
124.3 124.3 124.4 124.5 124.6 121.4 121.4 121.4 121.5 121.6

120.4 120.4 120.4 120.5 120.4

124.4

121.5 (£S1—C2—H) & 120.4 (£S1—C5— H)

Mean
Corrected val.?
Corrected val.®

£C2=0C3—-C4 & £C5=C4—C3

-0.7 -0.6 -0.8 -0.3 -0.6
113.6 113.3 113.5 113.0 113.4
112.6 112.4 112.4 112.6 112.4

Average of 113.4 (£C2=C3—C4) & 112.5 (LC5=C4 — C3)
Corrected val.
C=N C3-C6
92 0.003 0.050 0.021 0.029 0.037 - - - - -
10° -0.011 0.039 0.007 0.018 0.011 0.009 -0.003 0.008 -0.006 0.002
11° -0.012 0.037 0.006 0.017 0.010 0.008 -0.001 0.008 -0.004 0.001
Mean -0.006 0.042 0.011 0.021 0.020 0.009 -0.002 0.008 -0.005 0.002
Corrected val.f 1.142 1.140 1.143 1.143 1.137 1.429 1.430 1.429 1.432 1.431
Average of 1.141 1.430
Corrected val.®
/C2=C3—-Ce6 /ZC4—-C3—-Cé6

ga

continued
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Table A.8 — (continued)

HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP  MO06-2X
6-31G* 6-31G** 6-311G* 6-31G**  6-31G** 6-31G* 6-31G** 6-311G* 6-31G**  6-31G**
10° - - - - - - - - - -
11¢ -0.4 -0.7 -0.4 -1.0 -1.4 0.1 0.6 0.5 0.8 1.3
Corrections -0.4 -0.7 -04 -1.0 -1.4 0.1 0.6 0.5 0.8 1.3
Corrected val.® 123.8 123.8 123.7 124.4 124.6 123.6 123.5 123.5 123.1 122.7

Average of 124.1
Corrected val.?

123.3

% Corrections used for corresponding geometrical parameters in thiophene .
Relevant calculated values are given in 1 & 2 indicate the first and second parameter, respectively.
¢ Average of all functionals.
! Compounds used in for the ring and C-H bond and compounds 10, 11 and 12 for the remaining geometrical parameters.

¢ Experimental values are found in Pappenfus et al. (2018); table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found in Blake et al. (1999); table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found in Ziegler & Nemykin (2012); table values =calculated values (at each level of theory) - Experimental values.

b

5o s o

Relevant calculated values are given in [Table A.3

Average of all functionals
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Table A.9 — Corrections for 9 geometrical parameters (bond lengths in A, bond angles in degree) and their predicted values
from analysis of similar compounds!

C2=C3 & C4=C5 C3-C4
HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G* 6-31G** 6-311G* 6-31G**  6-31G** 6-31G* 6-31G** 6-311G* 6-31G**  6-31G**
Mean? -0.027 0.003 -0.004 -0.005 -0.006 0.016 0.000 0.014 0.010 0.009
Corrected val.P! 1.378 1.381 1.378 1.383 1.377 1.423 1.425 1.424 1.427 1.424
Corrected valP?2 1.369 1.370 1.369 1.368 1.366
Avergae of® 1.379 (C2=C3) & 1.368 (C4=C5) 1.425
Corrected val.
C2-H C4-H
Mean -0.012 -0.005 -0.003 -0.001 -0.002 -0.011 -0.004 -0.003 -0.001 -0.001
Corrected val.P 1.082 1.083 1.084 1.082 1.082 1.084 1.085 1.085 1.084 1.084
Average of 1.083 1.084
Corrected val.&
S-C2 & S-Ch /C—-S—-C
Correction 2 0.012 0.004 0.011 0.022 0.010 -0.9 -0.2 -0.7 -0.7 -0.5
value
Corrected val.P 1.701 1.704 1.703 1.701 1.701 92.5 91.6 92.5 92.5 92.5
Corrected val.© 1.714 1.712 1.714 1.714 1.714
92.3

Aver. Corrected val.®

1.702 (S1-C2) & 1.714 (S-C5)

ZC5=C4—H

ZST—C2—H & £S1—-C5—H

continued
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Table A.10 — (continued)

HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP  MO06-2X
6-31G* 6-31G** 6-311G* 6-31G**  6-31G** 6-31G* 6-31G** 6-311G* 6-31G**  6-31G**
Mean 0.3 -0.1 0.2 -0.2 0.0 -0.1 -0.2 -04 -0.5 -0.4
Corrected val.f 124.3 124.3 124.4 124.5 124.6 121.4 121.4 121.4 121.5 121.6
Corrected val.f 120.4 120.4 120.4 120.5 120.4
Average of 124.4 121.5 (£S1—C2—H) & 1204 (£S1—-C5—H)
Corrected val.
£C2=C3—-C4 & £C5=C4—C3
Mean -0.7 -0.6 -0.8 -0.3 -0.6
Corrected val.? 113.6 113.3 113.5 113.0 113.4
Corrected val.® 112.6 112.4 112.4 112.6 112.4
Average of 113.4 (£C2=C3—C4) & 112.5 (LC5=C4 — C3)
Corrected val.
C=N C3-C6
92 0.003 0.050 0.021 0.029 0.037 - - - - -
10° -0.011 0.039 0.007 0.018 0.011 0.009 -0.003 0.008 -0.006 0.002
11¢ -0.012 0.037 0.006 0.017 0.010 0.008 -0.001 0.008 -0.004 0.001
Mean -0.006 0.042 0.011 0.021 0.020 0.009 -0.002 0.008 -0.005 0.002
Corrected val.f 1.142 1.140 1.143 1.143 1.137 1.429 1.430 1.429 1.432 1.431
Average of 1.141 1.430
Corrected val.®
/ZC2=C3—-Ceo /ZC4—-C3—-Ce6

continued
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Table A.10 — (continued)

HF MP2 MP3 B3LYP MO06-2X HF MP2 MP3 B3LYP MO06-2X
6-31G*  6-31G** 6-311G* 6-31G**  6-31G** 6-31G*  6-31G** 6-311G* 6-31G**  6-31G**
92 - - - - - - - - - -
10P - - - - - - - - - -
11¢ -0.4 -0.7 -04 -1.0 -14 0.1 0.6 0.5 0.8 1.3
Corrections -0.4 -0.7 -0.4 -1.0 -1.4 0.1 0.6 0.5 0.8 1.3
Corrected val.? 123.8 123.8 123.7 124.4 124.6 123.6 123.5 123.5 123.1 122.7
Average of 124.1 123.3

Corrected val.

@ Corrections used for corresponding geometrical parameters in thiophene .

® Relevant calculated values are given in 1 & 2 indicate the first and second parameter, respectively.

¢ Average of all functionals.

! Compounds used in for the ring and C-H bond and compounds 10, 11 and 12 for the remaining geometrical parameters.

¢ Experimental values are found in Pappenfus et al.(2018) ; table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found in Blake, et al. (1999); table values =calculated values (at each level of theory) - Experimental values.
Experimental values are found in Ziegler & Nemykin (2012); table values =calculated values (at each level of theory) - Experimental values.
Relevant calculated values are given in

Average of all functionals

= S Y



Table A.11 — Difference between the original quantum chemical and the final results for geometrical

and rotational parameters of 1, 8 and 9 (distances in A°, angles in °© and rotational
constants in MHz).

Compound Thiophene 2CNT 3CNT
Bond lengths
AS1C2 -0.0044 -0.0073 0.0025
AS1C5h -0.0044 -0.0064 0.0026
AC2C3 0.0072 0.0005 -0.0026
AC3C4 -0.005 -0.008 -0.0020
AC4CH 0.0072 0.0055 0.0015
AC2/C3C6 - 0.003 -
AC6NT - -0.002 - 0.0020
AC2/C3H6/HS8 -0.002 0.0005 0.0004
AC3/C2H7/H8 - 0.0016
AC4H8/H9 -0.002 0.003 0.0016
AC5H9/H10 0.0009 0.0005 0.0004
Bond Angles
AS1C2C3 -0.31 -0.62 0.17
AS1C5C4 -0.31 0.52 0.09
AC251C5H 0.41 0.20 -0.37
AC2C3C4 0.06 0.15 -0.10
AC3C4C5H 0.06 0.15 0.00
AS1C2H6/HS8 0.13 - -0.01
AC3C2C6 - -0.10 -
AC4C3C6 - - -0.40
AS1C5H9/H10 0.13 0.20 1.19
AA 0.616 -18.013 14.078
AB 7.334 4.421 1.604
AC 2.722 3.552 1.519

A = Calge — Calg, where Calge is the calculated value at M06-2X/6-31G(d,p)+empirical corrections (in Table
2) and Calg, the calculated value at M06-2X/6-31G(d,p) (in Tables S1 for 1, S2 for 8 and S3 for 9).
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Table A.12 — Experimental vs calculated frequencies (cm™'), infrared intensities (km.mol™') and
Raman activities (A*/amu) and Raman intensities (x10-24F2.m~".kg~") for 1

Exp  NonScaled Scaled Scaling IR Int. Ram. Activ Ram. Int

Factors
A1 species
A%l 3126 3324 3118  0.9381 1.81 228.62 8.95
V3 3078 3284 3080  0.9380 2.10 123.51 5.01
Vg 1410 1476 1408  0.9533  10.05 24.62 5.59
V7 1364 1417 1365  0.9631 4.17 17.92 4.29
V1o 1082 1103 1078 0.9772 5.68 10.95 3.84
V11 1036 1072 1028  0.9589 1.70 8.39 3.16
V15 840 868 840 0.9675  28.26 12.70 6.46
V19 609 621 602 0.9693 0.26 6.51 5.35
B species
V14 866 896 873 0.9740 1.14 0.04 0.02
V17 712 730 712 0.9749  117.60 1.29 0.84
V21 452 466 447 0.9599 0.79 1.48 1.87
A species
V12 900 935 905 0.9677 0.00 1.23 0.56
V18 684 698 679 0.9731 0.00 4.28 2.96
V20 564 585 568 0.9716 0.00 0.00 0.00
B, species
2% 3112 3321 3116  0.9381 0.13 5.46 0.21
V4 3065 3270 3068  0.9380 4.18 94.47 3.88
Vs 1510 1583 1517 0.9582 0.34 0.14 0.03
V3 1256 1280 1260  0.9845 9.32 0.01 0.00
Vo 1085 1107 1081  0.9766 3.76 10.11 3.53
V13 873 900 878 0.9754 0.57 0.85 0.41
V16 754 772 749 0.9702 0.01 4.69 2.82

" Klots et al. (1994).

Table A.13 — Potential energy distribution of fundamental vibrational modes of the compound 1

Frequency PED  Mode Atoms! PED  Mode Atoms!
(em™) (%) h k 1 m (%) h k 1 m
In - plane modes

3118 47% vCH 2 6 0 0 47% vCH 5 9 0 0
3116 48% vCH 5 9 0 0 48% vCH 2 6 0 0
3080 47% vCH 4 8 0 0 47% vCH 3 7 0 0
3068 48% vCH 3 7 0 0 48% vCH 4 8 0 O
1517 30% vC=C 4 5 0 0 30% vC=C 2 3 0 0
9% SCCH 4 3 7 0 9% SCCH 3 4 8 0

1408 35% vCC 3 4 0 0 11% ~vC=C 4 5 0 0
11% ~vC=C 2 3 6 0 10% o6CCH 2 3 7 0

10% odCCH 5 4 8 0 6% S0CCH 4 3 7 0

1365 23% vC=C 2 3 0 0 23% vC=C 4 5 0 0
11% ~vSCH 1 2 6 0 11% OSCH 1 5 9 0

10% o6CCH 3 2 6 0 100% &CCH 4 5 9 0

(Continued)
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Table A.13 — (Continued)

Frequency PED  Mode Atoms! PED  Mode Atoms!

(em™) (%) h k I m (%) h k I m
1260 3% O&CCH 5 4 8 0 3% o&CCH 2 3 7 0
2% &CCH 4 5 9 0 11% o&CCH 3 2 6 0
100% O&SCH 1 5 9 0 100% O&6SCH 1 2 6 0
1081 16% O&6SCH 1 5 9 0 16% dSCH 1 2 6 0
2% 6SCH 1 2 6 0 2% &dCH 1 5 9 0
8% vC=C 2 3 0 0 8% vC=C 4 5 0 0
1078 11% o&6SCH 1 5 9 0 11% O&6SCH 1 2 6 0
11% o&CCH 4 5 9 0 11% &CCH 3 2 6 0
11% &CCH 5 4 8 0 11% odCCH 2 3 7 0
1028 53% vCC 3 4 0 O ™% dCCH 4 3 7 0

™% 6CCH 3 4 8 0
873 20% vSC 1 2 0 0 20% vSC 1 50 0
11% &SCC 1 2 3 0 11% &SCC 1 5 4 0
9% 8CCC 2 3 4 0 10% dCCC 3 4 5 0
840 30% vSC 1 50 0 30% vSC 1 2 0 0
749 28% vSC 1 2 0 0 28% vSC 1 50 0
3% dCCC 3 4 5 0 3% dCCC 2 3 4 0
5% 6CCH 5 4 8 0 5% 6CCH 2 3 7 0
602 32% 6CSC 2 1 5 0 15% vSC 1 50 0
15% vSC 1 2 0 0 3% 8SCC 1 5 4 0

3% dSCC 1 2 3 0

Out-of-plane modes

905 28% YHCCH 6 2 3 7 18% +YyHCCH 7 3 4 8
18% YyHCCH 8 4 5 9 18% +ySCCH 1 2 3 7
8% ySCCH 1 5 4 8 6% yCCCH 5 4 3 7
878 25% +YHCCH 8 4 5 9 25% YyHCCH 6 2 3 7
™% yCCCH 2 3 4 8 ™% yCCCH 5 4 3 7
™% yCCCH 4 3 2 6 ™% yCCCH 3 4 5 9
712 5% yCCCH 4 3 2 6 5% yCCCH 3 4 5 9
14% ySCCH 1 2 3 7 14% ySCCH 1 5 4 8
11% yCCCH 5 4 3 7 11% yCCCH 2 3 4 8
679 22% yCCCH 3 4 5 9 22% yCCCH 4 3 2 6
3% yCSCH 2 1 5 9 3% yCSCH 5 1 2 6
8% yHCCH 7 3 4 8 ™% YyHCCH 8 4 5 9
568 27% yCCCC 2 3 4 5 17% ~ySCCC 1 2 3 4
17% yCCCS 3 4 5 1 9% yCCCH 5 4 3 7

9% yCCCH 2 3 4 8
447 25% yCSC 4 5 1 2 25% yCsCC 5 1 2 3
16% yCCCS 3 4 5 1 16% ySCCC 1 2 3 4

@ Only contributions greater than 5% were taken into account; ® See scheme 1 for atom
numbering; ¢ v: stretching, §: in-plane bending modes, y: out-of-plane bending modes.
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Table A.14 — Experimental and M06-2X/6-31G(d,p) (with empirical corrections) calculated rota-

tional parameters.

1

Exp:. Exp? Calc
A (MHz ) 8041.770 8041.594 8041.456
B (MHz ) 5418.120 5418.262 5417.404
C (MHz ) 3235.770 3235.781 3236.812
Ay (kHz) 0.697 0.697 0.9596
Ax (kHz) 1.789 1.789 2.2477
Axy (kHz) 0.530 0.530 -0.2898
8y (kHz) 0.307 0.2976
Sk (kHz) 0.867 0.307 0.087
ta(Debye) - 0.5707
up (Debye) - 0.000
te (Debye) - 0.0000
ot (Debye) - 0.5707
loq (amu A2) 62.863 62.847
Iy, (amu AZ) 93.304 93.288
I.c (amu A?) 156.232 156.135
K -0.092

! Bak et .al. (1961); 2 Kretschmer et al. (1993).
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Table A.15 — Comparison of experimental and calculated (from MO06-2X/6-31G(d,p) results) rota-
tional transitions and their corresponding frequencies (in MHz) for 3*S—3CNT and

1SN—3CNT
PN—3CNT 31S—3CNT
Rot. trans. Exp.! Calc. AV? Rot. trans. Exp.! Calc. AV?
J' k. «Jx x, freq. freq. J' k. & Jx x, freq. freq.

414 — 311
404 — 300
473 +— 322
47— 322
413 — 311
707 ¢ 600
726 ¢ 622
725 ¢ 622
818 — 711
808 «— 700
87— 722
826 — 722
817 — 711
Q09 & 800

928 — 822

927 ¢+ 822
%18 — 811

10090.103 10090.767 0.664
10517.886 10518.153 0.267
10589.007 10589.123 0.116
10666.204 10666.283 0.079
11068.864 11068.887 0.023
18129.744 18129.322 -
0.422
18480.989 18481.065 0.076

18892.302 18892.190 -
0.112
20073.459 20073.285 -
0.174
20594.190 20593.138 -
1.052
21095.486 21095.416 -
0.070
21690.485 21690.367 -
0.118
21994.579 21994.550 -
0.029
23023.776 23024.716 0.940

23699.689 23699.606 -
0.083

24509.776 24509.841 0.065

24680.423 24680.629 0.206

515(—
505(—
514(—
616<—
615(—
707%
813%
803%
827(—
817(—
9]9(—
909(—
923(—

927 —

918<—

497
400
497
511
511
600

12712.925 12713.047 0.122
13213.230 13213.255 0.025
13966.574 13966.600 0.026
15235.434 15235.443 0.009
16734.449 16734.459 0.010
18289.946 18289.905 -
0.041
20250.964 20250.873 -
0.091
20771.237 20771.083 -
0.154
21300.806 21300.795 -
0.011
22220.048 22219.978 -
0.070
22743.234 22743.254 0.020

23219.705 23219.841 0.136

23928.745 23928.744 -
0.001

24783.074 24783.069 -
0.005

24929.388 24929.451 0.063

! Av = VCale — VExp
2 From J. Wiese, R. Schwarz and D. H. Sutter (1980).
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Table A.16 — MKS and NPA HF/def2-QZVPP calculated partial atomic charges for thiophene and
NPA B3LYP/def2-QZVPP calculated partial atomic charges for9.

compound Model S1 x B
MKS 0.062 -0.147 -0.111
Thiophene HF /def2-QZVPP
NPA 0.062 -0.147 -0.111
HF /def2-QZVPP
Compound Model S1 C2 C3 C4 Ch C6 N
3CNT NPA 0.073 -0.069 0.239 -0.105 -0.033 -0.136 -172

B3LYP/def2-QZVPP
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