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CA’ FOSCARI VENEZIA

Abstract
Science and Technologies of Bio and Nanomaterials

Department of Molecular Sciences and Nanosystems

Master Degree

A Microwave Spectroscopic investigation of 2-Propene-1-Imine for

Astrochemical purposes

by Davide ALBERTON

In the attempt of studying the processes that lead to the building blocks of life, in
this work the microwave spectroscopic survey conducted on 2-Propene-1-Imine will
be presented. This molecule, a possible intermediate in the synthesis of amino acids,
would be an important tracer of the aforementioned reaction. In this regard, rota-
tional spectroscopic measurements have been carried out in a range of frequencies
ranging from 85GHz to 500GHz, in order to obtain the conformational constants
of the two conformers, TA and TS, that come to form precursor pyrolysis, a pro-
cess made necessary by the instability of the investigated compound. Additionally,
what has been collected offers the spectroscopical fingerprints of these two confor-
mational isomers, possibly contributing to the astrochemical evolutional search of
more complex compounds from which life, as we know it, may have on Earth origi-
nated from. . .
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Chapter 1

Introduction

1.1 The dance

The world we are living in is as marvellous as the things that make it up. Its com-
plexity and vastity has always fascinated humankind and are of such beauty that in
the effort of understanding it we feel overwhelmed. The deeper we dig, the more we
discover, and in the discovery of what things are made of, the same role of the man is
inevitably questioned. Starting from our primordial ancestors we passed from look-
ing at Nature as something of be scared of, to something, in the process of revealing
its inaccessible mysteries, that gave us the freedom of choice. We have gone from
being at the mercy of hostile environments, perishing due to lack of food and illness,
to being the advocates of our own destiny.

But this process has not been as fast as we could imagine. Thousands of years
and hundreds of generations passed in order to allow us to learn how to hone the
tools, and once the ones that allowed us to face with imminent needs had been suffi-
ciently sharpened, we started to shift the emphasis from the practical to the abstract.
Heated, refreshed and appeased the man started to feed his mind, applying its po-
tential in ludic activity.

An amazing example, one among the first, is constituted by the "Caves of Las-
caux". Discovered by accident the 12th of September 1940 by the 18-year-old Marcel
Ravidat, these caves retain a multitude of exquisite workmanship paintings depict-
ing animals of the ice-age fauna. [1]. 6000 representation dated ~17000 years back
succeed one another, leaving the visitor in a state of wonder. Animals, human fig-
ures and abstract signs are present with a number of details that in the first two
cases resemble the concept of the living counterpart in an impressive way. Try to
explain what these paintings represent is as risky [2] as out of topic, but undoubtely
is that even a long time ago the mind of the Homo sapiens was fascinated by Nature
to such an extent that made him want to try and imitate it, and he was not the first.
Findings in the "Cueva de los Aviones", southeast Spain, are attributed to the Homo
neanderthalensis and testify that this fascination is even older. [3].

Along the time this encoding process has constituted the most powerful way to
develop more and more knowledge. It allowed us to be succeed in the systematic
husbandry of plants and animals, and with this our nomadism ceased and labour
division started. Accounting and writing were developed, and human civilization
flourished in all its diversities, various from place to place. The same Homo sapiens,
who has been dragged out of the caves, passed through the Antiquity. After this
the Middle Ages followed, and with this the rise of Christianity, Islamic Golden Age
and the Italian Renaissance, the invention of the modern printing and the Scientific
Revolution, ending up being catapulted in the Early Modern Period. In the latter he
was able to see first-hand, being in fact its patron, the Age of Enlightenment and the
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Age of Discovery, through of the Industrial Revolution and beyond, leading up to
the time in which we are right now, the Late Modern Period. [4].

Every reached step has been necessary to prepare the jump to the next one, and
if we exclude some small differences, it has been made by the same genetic heritage.
Approximately the same sequence of bases, anchored in its conformation by a skele-
ton of deoxyribose (a sugar) and a phosphate group, has been the architect of all
this enrichment. Everything that made possible all the history of the humankind is
enclosed in a script that, if pulled, is as long as an 1.8 m tall man, in this case its final
product. The latter is nothing more than a code that try to decode, to analyse, to
assimilate and reformulate, generalizing to make predictions for purposes and for
having fun in the process of satisfying its intrinsic curiosity.

But how we arrived from the DNA to the human being is not straightforward.
Restrained in the space of a cellar nucleus this long string, rolled up forming a dou-
ble helix structure wrapped into supercoiled conformation, has to be rolled out, read
by conglomerates of deputies proteins and RNAs filaments that forming complex
machineries activated and attenuated by different strategies transcribe the sequence
into an RNA filament. This one, properly shortened and processed in the way out
of the nucleus, is translated inside the ribosomes into a sequence of amino acids that
again, processed, fold up in quaternary structure in the effort of minimizing their
energy in the physiological environment of the cytoplasm. To the last structure we
have given the name of protein. This will be selectively developed and produced by
the cell depending on where the latter is located in the organism and will give to the
cell its specific functions. Specialized cells constitute a tissue, a functional agglomer-
ation of metabolically active machines that are able to perform limited high skilled
tasks. Different tissues combined forma an organ, a little "factory" that employing
its dedicated employed tissues is able to face with more complex duties. The set
of organs, different both in function and structure, that jointly work for a common
purpose are said organ system. The overall of the latter form what we call a human
being.

Anyway, even if this hierarchy is valid for the newest products of Nature, ver-
tebrates, is not valid for all the organisms. What all the biologic entities share for
sure are only DNA and proteins, even if to be precise the first is not the only way
to store information. Some viruses, for example, stock their genetic information in
RNA strands. At any rate, along the time, exerting pressure on the populations ther-
modynamics produced abnormalities in the genetic code, be them DNA or RNA.
Their expression, namely their phenotype, decreed their success in dependence of
the environment, a theory proposed to the world on 24th November 1859 by Charles
Darwin. [5] Along the time other pieces have been added, as for example the sexual
selection, but the principle that the environment shapes the direction of evolution
still remain unchanged.

If we now imagine zooming in the double a helix we would see that it is formed
by atoms. Even if we have seen them the first time only recently [6], their idea goes
back a long time ago. The first one that made the effort to postulate their existence,
even unless supported by evidence, was Leucippus from Miletus (mid-5th century
BCE), master of Democritus of Abdera. In contrast with Aristotle whom believed
that matter was infinitely divisible, one century before he argued that the latter was
inherently grainy and that everything was formed by an enormous amount of var-
ious things, precisely the atoms (from the Greek word atom, ’indivisible’). The dis-
pute continued even after 1803, when John Dalton remarked that to explain that
chemical compounds always combines in certain portions there should have been
hypothesized single entities merging to form unites called molecules. The first aid
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in support of their existence came in one of the four articles published in 1905 by
Albert Einstein, namely the one about the Brownian motion. But still they were elu-
sive object. Several years before, J. J. Thomson had demonstrated the existence of
the electron, but only with the discovery of the nucleus made in 1911 by the British
physicist Ernest Rutherford, the evidence of the reality of atom became concrete.
Then, in 1932 a colleague of Rutherford’s at Cambridge, James Chadwick, discov-
ered that the nucleus contained another particle, called neutron, which had almost
the same mass of the proton but with no electrical charge. [7]. It took more than two
millennia to agree with Leucippus.

The one of the atom has been an amazing challenge that once resolved gave us
the certainty of its existence and, with the black body that served as a prelude, putted
in crisis what at that time was thought as insuperable, namely Classical Physics.
In the struggle to overpass the impasse Quantum Mechanics has been developed,
and with its new tools mankind is now able to study system from an unprecedent
point of view that give us a deeper level of knowledge. It works for atoms and for
molecules, but beautiful as it may be, it merely describes the variation in probability
of a wave function over time, and nothing tells us where these atoms and molecules
come from. They entirely make us, from our nails to our DNA; they dance in a
swing in which the change of partners keeps alive the meaning of the dance itself:
ourselves, and with it our thought, our being. Life. If we think at how this twirl is
vorticose the risk of losing the balance is behind the corner. Nevertheless, is what
it happens, every moment of our existence. But as in every dance, there has to be
a start, and here questions come out. Are these partners, the molecules, whom are
mainly made of Carbon, Oxygen, Hydrogen and Nitrogen, always being here in the
way that allow the whirl of life to sustain itself? Or are them arrived in some extent
already pre-packaged? Do they have been formed directly here, along the eons, from
scratch, or do they have come in any conformation that have made the subsequent
development easier? And moreover, is possible that is this tiny dot of earth the only
witness of this miracle? We need answers but search them at the same level of the
questions is insane. We need to have a better prospective, from a higher point of
view. So, we rise our eyes to the sky.

1.2 The formation

Even if we saw that Aristotle was not right about the idea of the finiteness of mat-
ter, he was for the shape of our planet. In his book On the Heavens he proposed
two argumentations in support of his thesis. In the first one, he recognized that the
moon eclipse would not have been always strictly a round shape unless the figure
projecting its own shadow had not been a sphere, while in the second he made use
of Greek travellers’ knowledge, according to which going up to the North induce
a change of the heavenly vault the observer uses to orient himself. These astute-
ness are among those that let leak out this man’s greatness, but in proceeding with
intuition alone, in absence of objective evidence, the error is around the corner. In
fact, Aristotle thought that the Earth was stationary, and was all the rest that moved
circularly around it. His same idea has then been elaborated by Ptolemy in his cos-
mological model, 2nd century AD, in which the planets were moving in fixed spheres
to account for their complicated path, and beyond them were situated the so-called
fixed stars. Although not entirely accepted, the model has been adopted for many
centuries also from the Catholic church until, in 1514, the Polish priest Nicholas
Copernicus changed the point putting the Sun in place of the Earth. Round about
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a century had to pass after that the idea of the latter has been supported simultane-
ously by the Galileo’s Jupiter observations and the proposal of Kepler, due to which
the orbits were ellipses instead of circles. But yet, even if the motion of the planets
were consequently easier to predict, the reason of such an orbit were obscure, until
in 1678 in an incredible work Sir Isaac Newton postulated the law of the universal
gravitation [8]. Ptolemy’s model had been definitely supplanted by the Copernican
one, but the problem of fixed stars remained, especially because with this new force
they would have been collapsed in a specific point, and it was not.

In the absence of data, the debate would have continued to stagnate between
metaphysics and theology, unless in 1929 Edwin Hubble observed that galaxies are
rapidly moving away from us. Therefore, if they are moving away from one another,
there must have been a moment in which the space was infinitely dense. [7] In his A
Brief History of Time Stephen Hawking wrote:

"One may say that time had had a beginning at the big bang, in the sense
that earlier times simply would not be defined. [..] In an unchanging uni-
verse a beginning in time is something that has to be imposed by some
being outside the universe; there is no physical necessity for a beginning.
One can imagine that God created the universe at literally any time in the
past. On the other hand, if the universe is expanding, there may be phys-
ical reasons why there had to be a beginning. One could still imagine
that God created the universe at the instant of the big bang, or even af-
terwards in just such a way as to make it look as though there had been
a big bang, but it would be meaningless to suppose that it was created
before the big bang. An expanding universe does not preclude a creator,
but it does place a limit on when he might have carried out his job!"

Nowadays astronomers describe the universe in terms of two theories: the general
theory and quantum mechanics. These are as basic as partial, opposed in terms
of the treated sizes, subtending the possibility that there is, conceivably, something
that summarizes them both, but as a matter of fact at the moment their alliance is
valid only inside their domain. Thanks to this union and the data coming from the
observations we have been able to fathom what there is out there, in a small extent
giving us an idea of how works and how huge the universe is.

To realize of what the distance scale is, just think that the Earth is at an average
distance of 150 million kilometres from the Sun [9]. This gap defines an AU, one
astronomical unit. The nearest star is Alpha Centauri, part of a triple star system, and
is located at 4,24 light years from us, or ~63241 AU [10]. In comparison, the farthest
star ever seen, Icarus, is 9 billion light years far from our planet, i.e. 5, 69 · 1014 AU
[11]. If we now consider that our own galaxy, namely the Milky Way in figure 1.1, is
reputed as a typical galaxy and contains hundreds of billions of stars [12], and from
the latest estimate the universe is evaluated to be inhabited by at least one thousand
billion galaxies [13], how many are the planets spread all around?

The research of planets located beyond our solar system, namely orbiting a star
different of the Sun, is quite new. The firsts observations date back to 1992, year in
which Aleksander Wolszczan and Dale Frail, while working at the Arecibo Observa-
tory in Puerto Rico and the National Radio Astronomy Observatory in New Mexico,
detected two planets orbiting a pulsar, a dead star emitting beams of electromagnetic
radiation [14]. After only three years, in 1995, Mayor -University of Geneva- and his
then-student Queloz announced the first discovery of a planet orbiting a Sun-like
star [15]. They used a technique that detects the exoplanet through the minute grav-
itational variation it causes on the star around which it rotates and that till now has
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been used to study some of the more 4,000 exoplanets known to exist [16]. The dif-
ference that occurred in just three years is remarkable principally due to the fact that
stars and planets come in different sizes, but to host life as we know it the planet
itself has to be at a range of distance from the star that allows liquid water to pool on
the surface of it. A giant hot-burning star’s habitable zone would be more far com-
pared to the one of a cooler dwarf. In addition, being us in the search of something
that is similar to what we know, our survey inevitably falls on rocky planets, mainly
focusing on Earth-sized body. But what is as much as crucial is the time of a star.

FIGURE 1.1: Milky Way [12].

If we consider that at the moment our first evidence of life, and we are talking
about multi-celled, macroscopic creatures able to left us fossil record, dates back
between 3,800 – 3,700 million years ago [17], and that at the same time we think
that the brightest stars burn out in a few million years, imagine that life could be
near such environments would be plausibly excludable. On the other hand, with re-
gard to dwarfs, there would be no such contraindication, being their lifespan quite
longer. Conversely, the planet would orbit nearer to them. This makes once scien-
tists thought that such vicinity would have caused to expose always the same half,
cooking one side and freezing the other one. After modelling they realized that
maybe with planet-girdling winds the temperature would have been uniform [18],
but another issue emerge in considering that even the coolest ones, namely the Red
Dwarfs, produce flares in strength comparable to our sun that last from a few sec-
onds to a few minutes and that the largest can strip away a planet’s atmosphere [19].
Therefore, lying close to this stars would be quite dangerous, fact that makes our bet
on Sun-like stars safer. At the same time the samples we have been collecting come
mainly from our solar system and in the meanwhile, conducting studies of Sun-like
stars’ system formation in our Galaxy, we have knew how our solar system orig-
inated and with it how the sophistication of its molecular counterpart developed.
In figure 1.2 can be seen an image of the Tarantula Nebula captured with the Hub-
ble telescope. Just a look is sufficient to make you recognise about its complexity,
enhanced by its mixing of stars, gas and dusts, fruits of its past activity and admon-
ishers of what could then occur. But how the stars contained are formed? What
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processes lead to what can be in this image seen?

FIGURE 1.2: The Tarantula Nebula, 49 ± 3 k pc (160,000 light-years)
away from us, part of the H II region in the Large Magellanic Cloud

(LMC) [20].

The first step to deal with is constituted by the so-called Pre-stellar core. Once the
Jeans mass1 of a dense cloud2 is exceeded, the concentration of matter in the centre of
the nebula raises up in concert with the density, while the temperature drops down
as much as to cause the freeze-out of atoms and molecules onto sub-micron dust
grains’ surface. Here the hydrogenation of atoms and the most abundant molecule
after H2 in cold molecular gas, CO, occur and H2O, H2CO, CH3OH and other species
are formed.

In the second one, the Protostellar envelope, there is a proceeding in the collapse
that cause the conversion of the gravitational energy into radiation that triggers the
star’s warm up which, however, remains limited in the so-called envelope. The
frozen molecules sublimate back reacting to form more complex molecules. In the
same time a fraction of matter is ejected outward releasing molecular outflows that
once encounter the frozen part of the envelope create shocks in which the grain
mantles and refractory grains are partially sputtered and vaporized.

As the envelope is being consumed only a disk around the star remain, which
take the name of Protoplanetary disk. In this phase other complex molecules are
formed in the central zone, the hotter region, starting from the ones produced in the
previous phase while in the colder areas the molecules generated in the protostellar
phase freeze-out again onto the grain mantles.

1The Jeans mass is the limit mass beyond which the collapse of the cloud starts. It is directly pro-
portional to the mass of the cloud and indirectly to its dimentions and temperature.

2Because of turbulence and magnetic fields, dense molecular clouds can maintain their stability for
millions of years but eventually the equilibrium is gravitationally rippled, giving rise to the process
that brings to the star formation.
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FIGURE 1.3: Stellar evolutionary phases [21].

What follows is said Planetesimal formation and is the moment in which the sub-
micron dust grains coagulate into bigger rocks, called planetesimals, the seeds of
the future planets, comets and asteroids. Some of the icy grain mantles are luckily
preserved while the grains glue together. It’s therefore quite probable that part of our
chemical history stays there, stored. Kuiper Belt Object (KBOs), comets, meteorites,
carbonaceous chondrites and interplanetary dust particles (IDPs) are at the moment
thought to be the most ancient witness objects of our solar system.

The last phase is the Planet formation. Here rocky planets are formed and a huge
amount of meteorites and comets fall on them. In the primitive Earth, that is accom-
panied by the new-born Moon, this cause the formation of the oceans as well as its
second atmosphere. It must be thought that in theory the planetesimals that have
built up our planet should not have contained water at all if they were come from the
same place in which the Earth is located; on the contrary the quantity of H2O present
on our planet, as a whole, is estimated to be ~2 x 10-3 Earth masses [23], and this is
nowadays explained by the most accredited theory which supports that these rich in
water planetesimals come from outer regions [24] for two reasons: the rather similar
HDO/H2O ratio between Earth and carbonaceous chondrites [25] and the fact that
due to numerical simulation up to 10% of the mass of our planet would have come
from planetesimals, rather than from comets ([26];[24]). Contrariwise, regarding the
atmosphere, both meteorites and comets are thought to have taken part in the atmo-
sphere’s formation process [27]. Meanwhile, simultaneously with the deposition of
water onto the surface, the overall amount of what was embedded inside the sky’s
debris were brought, and with them the heritage embedded inside the planetesimals
and rocks themselves [28]. But precisely, of what are we talking about?

Just think that since decades in comets has been found [29] [30]):
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FIGURE 1.4: A semple of a cluster of dust grains, collected from the
Earth’s stratosphere [22].

• H2O, CO, CO2, CH4, C2H2, C2H6, CH3OH, H2CO, NH3, HCN, HNC, CH3CN
and H2S in more than 10 comets;

• HCOOH, HNCO, HC3N, OCS and S2 in more than 1 comet;

• HOCH2CH2OH, HCOOCH3, CH3CHO, NH2CHO, SO2, H2CS only in one
comet, namely Hale-Bopp.

One must bear in mind that some species, i.e. HCN, has been produced once the
primary species contained in the sublimated ice have been ejected; these are known
as product species. At the same time there are others, i.e. H2CO and CO, that have
had contributions from both sides [28]. At last but not least, to use a euphemism that
does not do it justice given its importance, we must add what has been discovered in
the mission STARDUST in 81P/Wild2 comet [31]: glycine, the simplest amino acids.

For what concern KBOs, objects situated beyond Neptune and located between
30 and 50 AU, they are thought to still keep chemical information that dates back
to the Solar Nebula. In the six biggest ones H2O, CH4, N2 and CO [32] have been
portrayed since a decade while C2H6 have been detected only in one of them [33].
Along the smaller ones, water, ammonia and methanol ices have been widely de-
tected revealing how the most plentiful ingredients of KBOs and comets are shared.
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FIGURE 1.5: 15N/14N versus D/H in comets, chondrites, hot spots
in the IOM of meteorites and IDPs, SOM in meteorites, Earth and

Sun.[28].

Regarding meteorites, carbonaceous chondrites are instead composed of ~1-4%
of carbon that based on their solubility is constituted by:

• IOM (insoluble organic matter): mainly formed by tiny aromatic units (up
to six rings) linked by branched aliphatic linkages shorter than seven carbon
atoms [28].

• SOM (soluble organic matter): chiefly made up of carboxylic acids, aliphatic
and aromatic hydrocarbons and amino acids [34]. Interestingly amino acids
with no terrestrial distribution have been found and in addition a subset of
them has been observed in L-enantiomeric excess [35].

Another important element that allows us to understand what are the linkages
that trace the time of our evolution back is given by the isotopic abnormalities.
Specifically, it is thought that due to deuterium abnormalities in comets our ideas
of their formation or is wrong [36] or alternatively the temperature of the Solar Neb-
ula, due to local viscosities, was not monotonically increasing [37]. Additionally,
they have also a wealth of 15N, bulwark of a direct heritage of a pre-stellar core
phase, a proto-planetary disk phase or a contamination of a near supernova explo-
sion [28]. With regard to carbonaceous chondrites and IDPs what emerged is that
they also have a D-enrichment as comets, but in some specific micrometre size re-
gions (for the firsts) these are even higher where a 15N enrichment is also present.
Due to Remusat et al. [38] D abundance is associated with organic radicals and with
SOM [39]. For comparison in figure 1.5 the relation between 15N/14N and D/H ra-
tio are reported. Specifically, if an attempt is done in trying to correlate the origin
of these isotopic species inequalities, one realizes that there are not [40] and if then
we consider also the oxygen abnormalities combined with what are the short-lived
nuclides, namely radionuclides with half-lives shorter than ~106 years, is deducible
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that the Sun was likely born in a large cluster of stars where one or more massive
stars exploded and that once born it irradiated the forming planetary system with a
strong wind of energetic particles [28].

Hence, as our Solar system originated from a dense cloud core’s collapse, others
can follow the same destiny. The fact this happen or not is decreed by a limit value,
~105 H2 molecules·cm�1, that’s the critical gas cooling density for gas-dust collision
[41]. If the cloud that in this moment, being without a star is called "starless core",
experiments a higher value the collapsing process can take place; otherwise two
different processes can be delineated. In the first is possible they reach a state of
hydrostatic equilibrium displaying an oscillating kinematic behaviour [42], whilst
in the second one, being the object itself thermally subcritical, may disperse back
into the interstellar medium.

FIGURE 1.6: Pre-stellar core L1544 enclosed in the Taurus Molecular
Cloud Complex ([28];[43]).

Focusing on the pre-stellar core, therefore on the one above the critical value,
two regions of temperatures are identifiable. To see them the prototypical pre-stellar
core captured by the IRAM-30 m antenna, L1544 in the Taurus Molecular Cloud
Complex, is showed in figure 1.6 as example. Here two diverse zones are sketched
out. In the outer one, that goes from 14000 to 7000 UA with gas density of ~10�3

melecules·cm-1 and temperature ~10 K, there are ion-molecule reactions [44] dom-
inating the carbon chemistry and neutral-neutral reactions that begin the transfor-
mation of nitrogen into N2 [28]. CO, NH3 and N2H+ are also formed. In the inner
one the density is above the critical value and the temperature is below 10 K due to
the radiation shielding of the outer one. He, CO and N-bearing species as ammonia
and N2H+ start to disappear from the gas-phase due to the accumulation process
onto the surface of the grains. Measurements of the second showed a freeze-out of
80-90% while nitrogenated compounds experience a lower absorption due to an in-
crement of their production rate in these circumstances [45]. It has to be thought
that being these areas inaccessible to most of the radiation, except for cosmic-rays
and FUV (far UV), the useful energy able to sufficiently excite a molecule in order
to allow its desorption is minimum. As a matter of fact, consider the freeze-out and
free-fall following formulas (nH is the total density of hydrogen nuclei):

t f reeze�out ∝
109

nH
t f ree� f all ∝

4 · 104
p

nH
(1.1)
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As is deducible there is a deficit in favour of the left formula that translates into a
dust grain’s accretion in terms of ice mantle. Meanwhile, the freeze-out of interfering
species like CO and O, in conjunction with the larger fraction of the H2 in the para
form at ~20 K, contribute to get stalled the kinetic of the reaction reported in figure
1.6, de facto enhancing the ratio of H2D+/H3 over the D/H elemental one. The
deuteration zone of figure 1.6 is the one with the brightest ortho-H2D+ ever detected
([28];[46]). The result is a growth in the deuteration of H3

+ that then give birth to
singly and doubly deuterated formaldehyde and methanol, with the latter also in the
triple form [47][48]. But why these molecules are observed? This is done because,
with the aid of the non-deuterated counterpart, it allows us to measure the electron
density, an elusive key actor in the process of the evolution of the cloud. What we
obtain is therefore a precious tool that is able to trace the kinematic of the pre-stellar
core. In fact, the electron density is with the ions responsible for the formation of
a magnetic field. The latter can be peacefully passed across by neutral molecules
which however, colliding with the ions themselves, influence the overall process
and consequently the gravitational collapse of pre-stellar core itself.

Instead, concerning 15N no abundance of it has been seen in NH3 and N2H+

coming from the pre-stellar cores and protostellar envelopes and in the Pre-stellar
core L1544, respectively. Conversely, an enrichment in HCN in pre-stellar cores [49]
and in star regions across the Galaxy [50] have been detected. To note that the 15N
measured in comets has been obtained also using CN as target. Usage of these data
in a chemical model of a dense cloud [40] in order to reproduce the beholden dif-
ferentiation effectively brought out that the model itself was consistent if the poor
correlation between D and 15N-fractionation observed in some primitive material in
our Solar System [28] were taken into account.

So far, interstellar dust grains have just been mentioned, but they are the main lo-
cation on which actually reactions take place. They are subjected to photoprocesses
that give birth to organic species that starting from methanol arrive up to amino
acids [51] and free some material from the solid phase to the gas one. At the same
time, they are subjected to cosmic rays that play a crucial role in the molecular des-
orption [52] and in mantle’s composition alteration [53]. They have been studied
through observation of absorption and laboratory work (e.g. [54]; [55]) and are even
as crucial as indispensable mainly because they:

• constitute the surface on which atomic hydrogen can react to form its molecu-
lar counterpart, the first step of molecular complexity [56];

• protect the inner region absorbing the FUV photons that would otherwise give
to the molecules onto the surface sufficient energy to broke them up;

• catalyse the fixation of oxygen into H2O molecules ([57]:[58]);

• lower, wrapping it, the temperature of the inner zone enhancing as a conse-
quence the growth of the ice mantel of the coldest area. Thickness reaches
values of 2, 5 · 10�6 cm [59].

Anyway, not the same processes occur in the same region of the pre-stellar core’s
grains. Imagining to come from the interstellar space we would firstly see the heap
of the pre-stellar core. Going into it we would be initially witness of how photo-
processes affects the mantle’s grains, namely diminishing their thickness, and we
would see the fixation of oxygen into water, of carbon into CH4 and of nitrogen into
NH3. Proceeding further we would then enter in the zone in which the pre-stellar
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core margins with the molecular cloud within which it is embedded [28]. Here the
mantel starts to accumulate what after H2 become the second most abundant com-
pound, CO, while its corresponding double oxygenated analogous starts to form
through cosmic-ray bombardment [60] and CO + OH reaction [61]. This is what
someone would see until, ending up into the deepest level of the cloud, the observer
would recognises that due to the domination of freeze-out process CO passes to be
mainly in the solid form and that because of a D/H ratio higher than 0.1 a large
amount of species as H2CO and CH3OH became singly or multiply deuterated.

As well as the aforementioned compounds, deuteration affects also water, and
it constitutes the way through which we discerned its origin. In particular, having
found it both in asteroids and comets, we can link the chemistry of the interstellar
medium with the one of our Solar System. In fact, it is thought that water has mainly
originated before the prestellar-core formation, thing also supported by chemical
models ([62];[58]). Its formation can take place through an hydrogenation of atomic
[63] as well as molecular oxygen [54] or even of ozone [64] and via OH + H2 at 10 K
[28]. All these processes, that thanks to the Herschel Space Observatory and chem-
ical/dynamical/radiative transfer models have given us a prediction of 2.6 Jupiter
masses of water ice and 0.5 Earth masses of water vapor [28], occur on the surface of
dust grains of interstellar clouds located in zones in which the impinging radiation
field is sufficiently high to overcome the UV side effects, i.e. photodesorption [65].
Nowadays two pathways are considered the responsible of water formation: in the
first one it comes about at the surface of the grains at a temperature slightly above 15
K, while in the second one it mainly occurs in the gas phase at a temperature above
100 K [66].

The first way through which there is the formation of water is additionally con-
sidered the same through which the complex organic molecules (COMs) originate.
Currently, bearing in mind that more and more experimental and theoretical ef-
forts have to be made in order to better understand the overall surface chemistry
of dust grains, Caselli and Ceccarelli in [28] sketched out from where COMs came
from. Radicals, even if the debate is still open, are the main actors and the process is
thought to proceed in two ways:

• A dissociation of the trapped compounds due to UV photons, or due to Taquet
et al. an embedment in the freeze-out process of radicals already produced in
the mantle of the grain [67], that impacted by heavy cosmic rays can temporar-
ily enhance their mobility giving birth to reactions. See figure 1.7.

• The direct formation of methanol due to the increase level of CO that in the
freeze-out process reacts with the contained frozen water. Then, due to the
growth of the temperature, the alcohol come off and subjected to cosmic rays
other COMs are formed, hypothesis supported by Garrod & Herbst [44].

Whether in one way or another, species as methyl cyanide (CH3CN, [69]), methyl-
cyanoacetylene (CH3C3N, [70]), acetaldehyde (CH3CHO, [71]), ketene (CH2CO, [72]),
the aforementioned methanol ([73]), methyl-cyanodiacetylene (CH3C5N, [74]), methyl-
triacetylene (CH3C6H, [75]), propylene (CH2CHCH3, [76]), methyl-diacetylene (CH3C4H),
cyanopolyynes (HC2n+1N, n=0,1,...,5) and C2n+1N radicals ([77]; [78]) and ions as
C6H- ([79]) and C8H- ([80]) have been found in in the Taurus Molecular Cloud com-
plex while in pre-stellar cores CH3CHO ([71]), HCOOH ([81]), HCOOCH3, CH3OCHO
and CH2CO ([82]) have been found. To confirm the hypothesized processes, Öberg
at al ([83]) carried out some laboratory experiments revealing that from methanol
radicals such as CH3 and O3 a self-rearrangement leads to CH3OCH3 or, reacting
with CHO, to CH3CHO and HCOOCHCH3.
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FIGURE 1.7: Representation of a dust grain with the embedded
molecules in the freeze-out mantle subjected to UV photons. Quinone
is one of the compound that has been identified, in addition to Am-
phiphiles, Hexamethylenetetramine - a precursor reactant to make
amino acids, cyanides, etc.- and Nucleobases, at the NASA Ames Re-

search Center [68].

The metastable equilibrium in which what were above described subsist until the
collapse starts. The gravitational energy is at the center converted in radiation due to
the density and temperature increase, and the velocity of the infalling gas increases
with a r- 1

2 trend. Recent observations carried out with ALMA3 and Herschel on IRAS
16293-2422 ([84]; [85]) brought out that in this specific case, as in some others, a cav-
ity (called large Photon-Dominated-Regions, PDRs) illuminated and heated by the
inner UV radiation is created by the outflowing gas, situated between the new-born
star and the envelope. The latter cannot be always spherical, as in some cases have
been found. This can be due to the presence of a circumstellar disk and/or multi-
ple sources, as for example in IRAS 16293-2422 and NGC 1333-IRAS4 [86]. In any
case, whether or not these differences are present, four main zones can be identified.
From the outer to the inner one, they are:

1. The chemical composition is similar to a typical molecular cloud; no particular
freeze-out species; its presence is delegated to the age and the density of the
envelope.

2. Whether the age and the density of the envelope are sufficiently high, molecules
freeze-out, making most of Class 0 and Class I4 protostars CO-depleted in this

3The Atacama Large Millimeter/submillimeter Array.
4A YSO, Young Stellar Object, is generally classified on the base of its evolutionary stages, periods

in which the star has different spectral energy distribution in the mid-infrared. Due to Lada (1987)
there are 4 classes: from 0 to III. These are differentiated taking into account a, the spectral index. This
value emerges from the relation Sn ∝ na, with Sn radiative flux density and frequency n.

Class a

0 undetectable at l < 20 µm
I a > 0.3

FlatSpectrum 0.3 > a > �0.3
I I �0.3 > a > �1.6
I I I a < �1.6
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same region [87]. Density is typically larger than ~105 molecules·cm-1.

3. Exceeding ~25 K, namely the sublimation temperature of CH4
5 if this latter is

more abundant than 10�7 molecules·cm-1 it becomes the major destructor of
C+, with the consequent formation of C-chain molecules. This zone, called the
Warm-Carbon-Chain-Chemistry (WCCC) source ([88]; [89]) because character-
ized by temperature around 30-60 K, have been detected also in L1527.

4. Beyond ~100 K all the dust compounds embedded in the mantle are released,
giving birth to a complex chemistry, called hot core chemistry [90].

This complex chemistry is due to the sublimation of some species contained in the
mantle, namely "mother" or "primary" species, that reacting between themselves
give those called "secondary" or "daughter" species [28].

Two categories of hot cores can go forming. The first one to be discovered in
the ’90s, the Orion Molecular Cloud (OMC) [91], was found rich in COMs, and has
been the prototype for this kind of typology, namely the hot cores. Over time others
succeeded, smaller and bigger, making necessary to distinguish them on the basis of
objective parameters. Specifically, if COMs are limited into a distance 0.01 pc from
the star, with density � 107 molecules·cm-3 and temperature � 100K we are in front
of hot cores; otherwise, if temperature - that subtends to neutral-neutral reactions-,
mass and densities are slower, we speak about hot corinos ([92]; [93]). The two tipes
do not differ only for the aforementioned peculiarities, but also for their chemical
base. Hot corinos are in fact much more abundant in COMs such as HCOOCH3 and
CH3OCH3 ([94]; [95]), and this is due to the different pre-stellar history along which
the two entities evolved. Additionally, the fact that hot corinos can be formed by
binary6 or multiple systems further complicate their chemistry, as it emerged from
the hot corino prototype IRAS 16293-2422 ([96]; [97]). Based on the chemistry of the
envelope, four groups of species are identified [28]:

Group I: Millimeter line from single molecules like CN, HCO+ and carbon-chains,
associated with cold envelope.

Group II: Source A, rich in N- and S-bearing molecules.

Group III: Source B, rich in O-bearing COMs.

Group IV: Low-lying emitting lines from molecules like CH3OH, H2COH, CH3CCH
and OCS in cold envelope and high lying in the two sources A and B.

Another important site where a great amount of reactions occur is the outflow of
material that shows up in the process of accretion toward the central object. Not just
this process slows down the angular momentum of the overall gas and grains clus-
ter but also, crashing against the quiescent material, acts as a crucial circumscribed
[98] spot of chemical enrichment. The combination of temperature rise and violent
shocks guarantee neutral-neutral reactions between compounds detached from the
mantle on which they were before freeze-out. The forefather in the study of complex
chemistry outflows has been L1157-B1 [99], in which hot cores and corinos tracers
as methanol (CH3OH) [100], ethanol (C2H5OH), formic acid (HCOOH) and methyl

5CH4 is formed during the pre-stellar phase and is believed to have originated through an hydro-
genation of neutral carbon, deposited into grains mantle previous CO formation.

6Called in literature A and B, have different composition probably due to different masses ([93];
[96]).
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cyanide (CH3CN) have been identified [101]. To note that the abundances normal-
ized to methanol are at least one order of magnitude lower in molecular outflow
than in hot corinos [28]. Equally interesting, species nowhere else detected contain-
ing different kind of atoms, such as PN (abundance: 10�10)7 and HCl (that with an
abundance of 3� 6 · 10�9, almost the same value found in high and low-mass proto-
stellar envelope but 200 times slower than Cl elemental abundance rise the question
of where the rest is), have been detected in L1157-B1 with the Herschel Space Obser-
vatory [102]).

FIGURE 1.8: Relative abundances of singly, doubly and triply deuter-
ated isotopologues [28].

In order to trace back the molecular age of those compounds in envelopes and
outflows located, we must again entrust ourselves to deuteration comparisons. In
"Our astrochemical heritage" Caselli and Ceccarelli [28] show an exhaustive graph in
which the relative abundances between single, doubly and triply deuterated iso-
topologues are compared. In figure 1.8 the mentioned chart. The authors argued that
the observed deuteration is an inherited product of the pre-stellar phase, fact sup-
ported by the 13 times excees in the D/H ratio of these compounds compared to the
elemental one. Additionally, they reported that deuteration is not the same for every
species, but that instead follows the typical D-species/D2-species = 4 (ratio obtained
taking in account the typical D/H deuteration ratio) only for H2S and CH3OH.
Species as H2O, NH3, H2CS and H2CO are on the contrary acting differently, sub-
tending that their formation onto the grains surface is allegedly attributable to a
prolonged period in contrast with the ones of H2S and CH3OH, definitively shorter.
Moreover, they also speculated that even no specific model has been yet presented,
the formation of the molecules in figure 1.8 are likely arranged in chronological order
that starting with H2O ends up to methanol. Is finally worth to note that even if what
above exposed follow a certain trend, is not always the rule, i.e. CH2DOH/CH3OD

7Compared to H2.
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ratio is indeed at least one order of magnitude larger in low-mass protostellar en-
velopes instead of the high-mass ones ([103]; [104]).

At the end, what we finally assist to is the formation of the planetary disk. This
one is formed thanks to the angular momentum that has come to be originated at
the moment in which the cloud started to collapse, decreeing its equilibrium loss
and the start of its flattering process. The latter is likewise observed even if we are in
presence of non-rotating collapsing cores, that is an initially non-rotating collapsing
cloud [105], but this event instead of have been caused by the momentum itself is
due to the interactions that come into being in the drag between ions and neutral
molecules established along the collapse phase. What occur is that the gravitational
flow drags the magnetic field deflecting the infalling gas along a ’pseudodisk’ large
till ' 2000 AU. In response the magnetic field lines, being them twisted by the pseu-
dodisk, de facto slow down the angular momentum of the inner region of the disk
transferring it to the outer part. What pointed out is supported by carried out models
([106]; [107]) in which, in order to overpass the so-called breaking catastrophe, inclu-
sion of non-ideal MHD8 effects have been taken into account. Due to [108] and [109]
models, shape disks of ' 100-200 AU with masses as large as 10 % of the original
core mass are possible, noteworthy because these are characteristics also owned by
young self-gravitating protoplanetary disks whom, going to meet instability, gives
rise to the formation of the planetary systems ([110]; [111]; [112]).

After pioneering works ([113]; [114]; [115]) in which the observation of these em-
bedded disks has been made possible, other contributions have allowed to charac-
terize their chemical content, e.g. [116] and [117]. With VLA, Very Large Array, NH3
has been found in a 130 AU circumstellar disk around NGC 1333-IRAS4A2 [118],
with the Plateau de Bure Interferometer (PdBI) at IRAM, H2

18O has been detected
in the inner 25 AU of the NGC 1333-IRAS4B disk [119] and with ALMA a binary
Class 0 source in Ophiuchus9, namely IRAS 16293-2422, have revealed the infall to-
ward source B and trace of rotation toward source A [120], elements that if confirmed
would represent the first evidence of chemically and kinematically characterization
of an embedded disk discovered thanks to a complex organic molecule, methyl for-
mate [28]. On the base of what have been previously said and with the employment
of different physical approaches, three chemical models have been devised:

Vissel at al. model: postulated the mixing lack of the materials involved, it takes
into account the formation of a protoplanetary disk on the base of an initially
spherical and slowly rotating cloud. Predictions about ice and gas-phase com-
position are detailed, while both outflow cavities and disk-envelope boundary
are well shaped. In particular, in the disk constitution emerged the possibility
of identifying its different regional chemical history [121].

Boyle’s model: Assuming no accretion of the envelope material and no outflow, us-
ing the results obtained employing a previous hydrodynamic simulation [112],
gas-phase and simple surface chemistry networks have been used [122] to trace
the evolution of the disk. The result is a complex spiral that drawn a non-
axisymmetric profile, figure 1.9. On the contrary of what have been seen in
the previous model, a continuous mixing flows into an absence of identifiable
chemical sectorization but, on the other hand, tracers such as H2O, HNO, NH3,
H2CO and HCO+ have been identified.

8Namely Magnetohydrodynamics, the study of the magnetic properties and behaviour of electrically
conducting fluids. Specifically, it assumes that the mass to magnetic-flux ratio is constant, implying
that magnetic field lines follow the gas motion, i.e. is "frozen" into the neutral medium [28].

9A constellation located at the celestial equator, known as the Serpens constellation.
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Furuya et al. model: sketching out the process that from a molecular cloud bring to a
protostellar precursor, after an initial destruction of simple molecules, Furuya
found that more complex ones such as CH3OH and HCOOCH3 are formed,
thus becoming allies in the evolutionary tracking process [123].

FIGURE 1.9: The earliest stages of a collapsing Class 0 source. In red
the central protostar, in yellow the magnetic field lines, in blue the
pseudodisk, in violet the central embedded disk and in orange the
outflow. H2O and H2CO are good tracers of these young embedded

disks [28].

Once these disks have come to form, their poor stability does not make them last
for a long time; ~0.5 Myr after the formation of the protostar-disk-outflow system
the ancestor envelope quickly disperses and the disk, assuming a form resembled
the one in fig. 1.10 enters in a phase known as Tauri T or Class II phase. In this can
last several Myr [28] for then leaving the place to the planetary system formation.
But let us pause for a moment and have a look at how the remains of the protostellar
disk appear to us.

The inner part, namely from the star up to 1 AU, is constituted by pure dust
disks which contain H2, CO, H2O, OH and other simple organic molecules ([124];
[125]; [126]). At approximately 1 AU a "puffed-up" region [127] is visible in the near-
infrared continuum, while in the central few AUs H2O, CO and organic molecules
such as HCN and C2H2 are visible in the mid-infrared range [128]. To note that what
just reported doesn’t strictly apply to all systems: in fact, for Herbig Ae/Be star10

[129] none organic molecule have been found in this interval. Anyway, in both cases,
in the midplane from ~1 AU onward is situated the disk on which, due to the low
temperature, coagulation of dusts occurred. This cold and dense region hosts lots

10An extremely young star in the Sagittarius constellation.
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FIGURE 1.10: The various regions of a protoplanetary disk in which
the envelope has been lost. The black dots onto the midplane rappre-

sent the dust in their accretion process [28].

of frozen simple molecular species, the only ones that can there survive [130]. Thus,
around this same dust midplane, these low-mass molecules throng and accumulate.
There is, however, something to add: the presence of some degree of mixing coagu-
lation maintains a population of small grains in the upper layer of the disk [28] and
on this latter polycyclic aromatic hydrocarbons (PAHs) are present, there as in any
active star-forming region [131]. Besides being ubiquitous, these compounds are ex-
tremely important due to both an organic and pre-biotic chemistry point of view as
well as their essential role played in the release of energy, once photoionized, heat-
ing up the gas that consequently maintains flared the conformation of disks [132].
Additionally, they promote the molecularization of hydrogen [133] and more im-
portantly, their mixing with icy mantle can preponderantly act in the formation pro-
cess of more complex organic molecules11 [134]. Just outside this layer, temperature
rise enough to skim 20 K, an amount sufficient to allow to CO isotopologues ([135];
[136]), CN, HCN, HNC, CS, HCO+, C2H and H2CO ([137]; [138]: [139]), N2H+ [140],
SO [141], CS [142], DCO+ [143], H2D+ [144], HDO [145] and HC3N [146] to situate
themselves there, constituting a dark-cloud chemistry zone [28]. But is sufficient to
exit from this region for finding the warm molecular layer, dominated by radicals
and ions photochemically excited. This same process, namely the excitation through
stellar and interstellar UV fields at whom stellar X-rays are added is also found,
enormously enhanced, in the PDR (the photon-dominated region), the last part of
this conglomerate of dust and gas beyond which, in the interstellar space, abound
the aforementioned radiations. Successive coagulation processes lead, even if the
way to them is still unknown, to comets and finally the planets themselves.

Many are the chemical models that have been developed, but even if these proto-
types play an important role, an equally strategic one is played by laboratory studies
that acting in concert with the former, constitute a binomial without which, in think-
ing to solve the problem with the modelling alone, we would make a huge mistake.
In traversing the modelled space, laboratory tests act as real lighthouses, able to
guide, re-directing the shot when it seems to take unrealistic directions, the search

11Once grains start to coagulate.
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for a predictive theoretical model that takes into account the experimental situations
as well as the observational one, out of which the computerized resultant deviates
completely from astrophysics. Taken together, these approaches are the basic tools
of astrochemistry that, as was defined by Dalgarno [147] is nothing but "the study
of the formation, destruction and excitation of molecules in astronomical environ-
ments and their influence on the structure, dynamics and evolution of astronomical
objects". The molecules themselves therefore constitute an important tool thanks
to which it is possible to probe the space and what in it is contained, its state, its
past and therefore, understanding the trend, its possible future scenarios. Among
the questions that fall within the branch of astrochemistry we can indeed count:
how, when and where are these molecules produced and excited? How far does this
chemical complexity go? How are they cycled through the various phases of stellar
evolution, from birth to death? And, most far-reaching, can they become part of new
planetary systems and form the building blocks for life elsewhere in the Universe?
[21]. Therefore, with these premises the object on which this thesis has been written
tries to interlock itself.

1.3 2-Propene-1-Imine

As we have until now seen, innumerable are the COMs that populate both the ISM
and the objects that fit into it. The number of those that have been for the mo-
ment observed is over 200, with almost 70 having 6 or more atoms of which at
least one is a carbon. This translates into the possibility of investigating compounds
that actually take on, as they have been gradually doing in recent times, an increas-
ingly considerable role in trying to understand how the distribution and evolution
of extra-terrestrial molecules of biochemical interest occurred. To give an idea just
think that in the effort of collecting important pre-biotic moleules in chondrites, up
to 80 amino-acids in the Murchson meteorite alone have been collected [148]. Actu-
ally, their identification was made after hydrolysis of the sample [148], leaving them
de facto unidentified if the latter had not been performed [149]. Danger et al. ar-
gued that amino-acids can be embedded into the matrix and are released through
hydrolysis, or that the same hydrolysis, acting on precursors, produce the collected
amino-acids or also that, finally, these amino-acids are broke down from precur-
sor oligopeptides; other investigations will shed light on this. Simultaneously, from
recent laboratory survey, Theule at al. have been succeeded in the hydrogenation
into fully saturated methylamine CH3NH2 that then, thermally reacting with CO2
in solid phase, can form carbamate, successively convertible through VUV radiation
into glycine NH2CH2COOH. The latter can therefore pass from the salty form to
the gas-phase-natural one once desorbed [150]. They also found that methanimine
CH2NH can be hydrogenated too, giving back CH2NH2. The network of hydro-
genated HCN is reported in fig. 1.11.

Equally, glycine is also known to be produced from aminoacetonitrile, detected
in Sgr B2(N) [151]. The latter can be formed by cyanogen hydrogenation [151] or
photochemically in astrochemical environment, from ammonia and nitrile mixture
(fig. 1.12A) but gives rise to very low yields [152]. On the other hand, the Strecker
synthesis (1.12B) offers higher yields and likewise can occurs in astrophysical-like
conditions ([51]; [153], [31]). It is considered the main pathway to the formation of
amino-acids in the Urey-Miller experiment [154], in which an aldehyde reacts in liq-
uid water with ammonia to form the corresponding imine after dehydration. The
imine then reacts with hydrogen cyanide, leading to the corresponding aminonitrile
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FIGURE 1.11: Hydrogenation network of HCN at low temperature.
Stable molecules are framed [150].

that in turn, once hydrolysed, leads to amino-acids formation in a process that can
be sustained up to 20 K [152]. Someone could cleverly argue that in the astrophysi-
cal condition till now presented there is very little liquid water, but from theoretical
investigations emerged that the condensation of ammonia with formaldehyde can
leads to the corresponding amino alcohol [155] that in presence of acid can produces
the respective imine [156]. What just said has also been validated from an experi-
mental point of view, in which have been stated that ammonia can condensate onto
either formaldehyde or acetaldehyde at 50-100 K [157] to form the relative amino al-
cohol. Additionally, further theoretical survey brought to light that the condensation
of hydrogen cyanide onto imine can also occur in solid aqueous phase [155].

FIGURE 1.12: Experimental pathway leading to aminoacetonitrile in
astrophysical like conditions.

Is therefore clear that detecting some of the aforementioned compounds would
it possible to trace occurring reactions and get clues about more complex products
that for the moment have not yet been observed but there staying. To date, four are
the imine that have been detected in space: methanimine, firstly identified towards
Sgr B2 [158] but then also outside the galactic centre in giant molecular clouds [159],
towards dark and translucent clouds [160] and outer galaxies like Arp220 [161] and
NGC 253 [162]; 3-imino-1,2-propadienylidene (CCCNH) detected in TMC 1 [163];
the E and Z ethanimine isomers (CH3CHNH) in the molecular cloud complex Sgr
B2 [164]; ketemine (CH2CNH), completing a triad of C2H3CN isomers, again in the
giant molecular cloud complex Sgr B2 [163].

Therefore, in a parallel way, if three carbons and one nitrogen skeletons have
been already identified, why cannot others be equally probable? About that, also
compounds such as propionitrile [165], acrylonitrile [166] and cyanoacetylene have
already been identified [167], and others could follow if the relative spectra were
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available. What in fact astrophysicists need for their research in the chemical evolu-
tion of interstellar dust clouds, protostellar systems and similar in the effort to un-
earth their targets, namely a molecule of specific interest, is its relative fingerprint,
i.e. its spectroscopic spectrum. Is in this prospective that the object of this thesis
makes its appearance.

2-Propen-1-Imine (propenaldimine, acraldehyde imine) is an analogous of acry-
lonitrile and cyanoacetylene, of whom spectral data obtained in this microwave
study would be essential for such a search. 2-Propen-1-Imine, CH2CHCNH, has a
conformational equilibrium associated with rotation about the central C-C bond that
is similar to the propenal one [168], but here this equilibrium is complicated both by
the possibility of syn and anti configurations of the imino hydrogen and by the syn-
anti interconversion rate. Ketimines (RR’C=NH) are known to rapidly interconvert
in condensed phase, but the microwave study of the relative concentrations of the
syn and anti rotamers of ethanimine (CH3HC=NH) occurring at the low pressure
pyrolysis of ethylamine, an isomer, indicates that the syn/anti ratio is determined by
the kinetics of the pyrolysis, implying slow interconversion for that aldimine [169].
Four are the rotamers of 2-Propen-1-Imine, reported in fig. 1.13, of which we will try
to trace the microwave rotational spectrum.

FIGURE 1.13: The four 2-Propen-1-Imine isomers [152].

The letters T and C define the rotamer relative the C-C bond, respectively for the
syn and cys forms, while letters A and S refer to the anti and syn position of the imino
hydrogen position [169]. From literature ([169], [170]) spectral lines assessment of
the cis rotamer is reported to be unsuccessful, therefore, even if the chances of iden-
tifying them are rare, an effort will be attempted in this regard. It has to be taken
into account that in rare cases such, as that of glyoxal, it has been possible. In that
circumstance the most abundant species were exhibiting no microwave spectrum,
but in the case of this specific study spectral interferences imputable to others pyrol-
ysis sub-products are expected to make more difficult the microwave spectroscopy
analysis. Starting from computational calculations, experimental analyses will then
be carried out allowing us to trace, in addition to the spectrum of the molecule, the
rotational and distortion constants of the molecule itself. This step will be carried
out with the use of a software12 that going to convergence, through consecutive re-
finements conducted while new data are added to the catalogue used, will return
the constants value that best summarize what is seen in the spectrum. In this regard,
therefore, a parenthesis must be opened to briefly illustrate the theoretical bases on
which the software will operate.

12CALPGM program suite: https://spec.jpl.nasa.gov/ftp/pub/calpgm/calpgm.pdf
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Chapter 2

Theoretical bases

2.1 Classical angular momenta and rotational energy

In order to give a comprehensive quantum mechanical explanation of how a molec-
ular rotor behave is necessary to start from its classical point of view. Assume to
start from a rigid rotor; let’s turn the attention to the classical moment of inertia

P = Iω (2.1)

in which ω is the angular velocity and I is the moment of inertia tensor written as
2
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where n refers to the nth element of the object. Setting the origin at the center of mass
authorize us to split the total kinetic energy into two sums: the one relative to the
center of mass and the other that makes reference to the contributions coming from
the elements relative to the center of the mass itself. These two components, namely
the translational and rotational motions, can therefore be separately treated. If then
the coordinate system is properly chosen is possible to render vanish the products of
inertia. This leave only the diagonal elements, respectively known as the principal
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moments of inertia, whom once solved give back three roots for the cubic equation.
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If the principle axes system are then designatd as x, y, z, the components of angular
momentum become:

Px = Ixwx

Py = Iywy (2.5)
Pz = Izwz

The rotational kynetic energy is defined as
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If then a torque is applied, its dependence from Pi is
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while, when no torque is applied in a free rotating system, the Euler’s equations of
motion are obtained
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With a bit of manipulation results
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that integrated and multiplied returns
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Is evident therefore that when no torque is applied the square of the total angular
momentum in a body-fixed axes system is constant. In the same way, also the rota-
tional kinetic energy remains constant

Er =
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z
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!

= const (2.12)

Due to the convention, instead of x, y and z, the axes are called a, b and c, with
IaIbIc. Based on the relations shown below it is possible to identify different
kinds of rotors

Rotor Ii relations

Linear Ia = 0, Ib=Ic

Spherical Ia=Ib=Ic

Symmetric prolate Ia<Ib=Ic

Symmetric oblate Ia=Ib<Ic

Asymmetric Ia<Ib<Ic

2.2 Associated operators

By solving the tensor containing the moments of inertia it is possible to find the
eigenvalues corresponding to the eigenfunctions describing the system under con-
sideration. In this case, the system is a molecular one consisting of a set of particles
which to be described need the resolution of the Schrödinger equation. Is for this
reason that we therefore need to associate to the angular moment an Hamiltonian
operator that can describes its behaviour. It will be due to this Hamiltonian that,
taking into account the molecular conformation and consequently the relative iner-
tia moments, the energy associated to the corresponding auto states will be stated.

The classical angular momentum is defined as
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N

∑
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Through the correspondence principle is possible to define the associated quantum
mechanical operator as, in a space fixed system
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that give back the angular momentum component operators
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These in spherical coordinates can be written as
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If, with the employment of Levi-Civita symbol
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we then concentrate on the commutation of this operators
⇥
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= 0
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= ih̄elmkP̂k (2.19)

emerges that P̂2 have a common set of eigenfunctions with all the component oper-
ators, while these latter do not among themselves. Taking into account the z coor-
dinate we can therefore use the first relation to create the base on which these same
operators are defined. The relative common eigenfunctions are designate as

P̂2yJ,M = KJyJ,M

P̂ZyJ,M = KMyJ,M (2.20)

with KJ and KM eigenvalues of P̂2 and P̂Z relative to the eigenstate yJ,M. After the
application of the ladder operators

P̂+ = P̂X + iP̂Y

P̂� = P̂X � iP̂Y (2.21)

and other manipulation [171], it results that the relation is:

P̂2yJ,M = h̄2 J(J + 1)yJ,M

P̂ZyJ,M = h̄MyJ,M (2.22)

with J = 0, 1 ,2 ,3 , ... and M = J, J � 1, J � 2, ..., -J. Now, taking into account how
the ladder operators act on P̂Z, it can be seen that

⇥
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⇤
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Specifically, observing how the ladder operators modify the action of P̂Z on a given
state
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and comparing this results with the action of the P̂Z operator alone
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one can notices that P̂± |J, Mi is |J, M ± 1imultiplied by a scalar
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If then we express 2.23 in term of the commuting pair P̂2 and P̂Z we can write
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Using then the normalizations
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and remembering that P̂� and P̂+ are Hermitian conjugate, the values of c+ and c�
are then given by

c+ = ih̄
⇥

J(J + 1)�M(M + 1)
⇤

1
2

c� = �ih̄
⇥

J(J + 1)�M(M� 1)
⇤

1
2 (2.29)

that substituted into equations 2.26 return
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⇥

J(J + 1)�M(M + 1)
⇤

1
2 |J, M + 1i

P̂� |J, Mi = �ih̄
⇥

J(J + 1)�M(M� 1)
⇤

1
2 |J, M� 1i (2.30)

Multiplied for its complex conjugate it gives back the non-vanishing matrix element

hJ, M| P̂+ |J, Mi = ih̄
⇥

J(J + 1)�M(M + 1)
⇤

1
2

hJ, M| P̂� |J, Mi = �ih̄
⇥

J(J + 1)�M(M� 1)
⇤

1
2 (2.31)

Any other moltiplication for an alternative member of the orthogonal set of func-
tions, say yJ,M±x with x � 2, due to

dij =

(

1 i = j

0 i 6= j
(2.32)
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must therefore return zero. Looking again at the 2.22 is now evident that the non-
vanishing matrix elements of P̂2 and P̂Z are

hJ, M| P̂2 |J, Mi = h̄2 J(J + 1) (2.33)
hJ, M| P̂Z |J, Mi = h̄M (2.34)

Obviously, being the matrix representation of an operator on the base composed of
its own eigenvectors always diagonal, if the operator is Hermitian then the eigen-
values are always real. Conversely, it’s not in reference to P̂X and P̂Y, that can be
expressed as

hJ, M| P̂Y |J, M ± 1i = h̄

2
⇥

J(J + 1)�M(M ± 1)
⇤

1
2 (2.35)

hJ, M| P̂X |J, M ± 1i = ⌥ ih̄

2
⇥

J(J + 1)�M(M ± 1)
⇤

1
2 (2.36)

In the same manner what has been presented until now is equally true for the nu-
clear spin vector, at which is associated its nuclear spin operator Î. If the body-fixed
system is employed (in order to distinguish the axis let’s use their relative lower-case
letters), P̂z will still commute with P̂2, leading to another common set of eigenfunc-
tions, yJ,K,M, that when see projected on them the operators return

P̂2 |J, K, Mi = KJ |J, K, Mi (2.37)
P̂z |J, K, Mi = KK |J, K, Mi (2.38)
P̂Z |J, K, Mi = KM |J, K, Mi (2.39)

KJ and KM must be the same eigenvalues prevuously obtained, while the value of
KK can be similarly found from commutation of the angular momentum operator
expressed in the internal coordinate system. Summing it up, the overall values we
have are

hJ, M| P̂2 |J, Mi = h̄2 J(J + 1) (2.40)
hJ, M| P̂z |J, Mi = h̄M (2.41)
hJ, M| P̂Z |J, Mi = h̄K (2.42)

The squared angular momentum operator will be given by

hJ, K, M| P̂2
g

�

�J0, K0, M0
↵

= ∑
J”,K”,M”

hJ, K, M| P̂g |J”, K”, M”i⇥ hJ”, K”, M”| P̂g

�

�J0, K0, M0
↵

(2.43)
and regarding P̂4 and P̂2

i by

hJ, K, M| P̂4 �
�J0, K0, M0

↵

=
�

hJ, K, M| P̂2 |J, K, Mi
�2

= h̄4 J2(J + 1)2 (2.44)

hJ, K, M| P̂2
z |J, K, Mi = K2h̄2 (2.45)

hJ, K, M| P̂2
y |J, K, Mi = h̄2

2
⇥

J(J + 1)� K2⇤ (2.46)

hJ, K, M| P̂2
x |J, K, Mi = h̄2

2
⇥

J(J + 1)� K2⇤ (2.47)
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Staying in the body-fixed principal axes x, y, z, we can now associate an operator to
the rotational Hamiltonian

Ĥr =
1
2

 

P̂x

Ix
+

P̂y

Iy
+

P̂z

Iz

!

(2.48)

with

P̂x =
h̄

i

✓

y
∂

∂z
� z

∂

∂y

◆

P̂y =
h̄

i

✓

z
∂

∂x
� x

∂

∂z

◆

P̂z =
h̄

i

✓

x
∂

∂y
� y

∂

∂x

◆

(2.49)

If the above Hamiltonian commutes, as it does, with its angular momentum oper-
ators, its matrix elements will be given from the diagonal elements of the angular
momentum operator themselves.

2.3 Asymmetric rotor

When all the three principal moments of inertia I are 6= 0 and none are among of
them equal, the rotational spectrum, compared to the symmetric-top one, increase
its complexity. Generally speaking, the strategy consists in assuming that the wave
functions can be expanded in terms of an orthogonal set of functions and by setting
up the secular equations for the unknow coefficients and energies. The resulting
secular determinant can be broken down into a number of sub-determinants, whose
orders increase with J. The solutions of these sub-determinants lead to the required
energy levels and expansion coefficients [172]. In an asymmetric rotor, those who
were first reliable tools for interpreting the system cease to be such that. This is due
to the absence of a constant component of the angular momentum of the motion
or, specifically, due to the fact that P̂z no longer commutes with Ĥr, while only J
and M remain "good" quantum numbers. For this reason, it has been employed the
double subscript system proposed by King et al. [173] for which the rotor tends to
the prolate or alternatively to the oblate symmetric-top one.
The asymmetric rotor nature can be summarized by the parameters

k =
2B� A� C

A� C
(2.50)

where A, B and C are the rotational constants relative to a, b, c axes. While the most
asymmetric-top rotors approach k = 0, the prolate symmetric-top rotor (Ib = Ic) has
k = �1 and the oblate one has k = +1. Therefore, the energy can be defined by
the level �K and +K, always degenerate in the symmetric case. This means that
for every J level there are (2J + 1) rotational sublevels. The bigger the asymme-
try of the molecule, the higher the discrepancy between the two K levels in com-
parison with the symmetric degenerate one. Figure 2.1 shows the relationship this
pseudo-quantum numbers are subjected to; it appears clear the meaning of the writ-
ing JK�1K1 . To note that the same K energy sublevel is higher for a prolate than an
oblate rotor one and again, now visible from the figure, the splitting between Ks
levels increases while J rises.

It has to be reported that in literature is still in use t, another pseudo-quantum
number, that reassumes the two so far mentioned. For the highest sublevel of a
given J, the value assumed by t is J, for the next higher J � 1 and so on, until arrive
to �J. Therefore, existing (2J + 1) discrete rotational sublevels for a specific J, there
are (2J + 1) corresponding sublevels of t, ranging from�J to J [172]. Looking at the
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FIGURE 2.1: Relations among the energy levels in the oblate and pro-
late limits for the symmetric top rotor [172].

figure 2.1 is possible to notice that

t = K�1 � K1 (2.51)

with, which the combination of the rotational constants A, B, C, will allow to clar-
ify the quantum mechanical Hamiltonian. The latter one, in a molecule-fixed axes
system that originates in the center of mass and rotates with the molecule under in-
vestigation that has the axes coinciding with the principal axes of inertia a, b and c,
for a rigid asymmetric rotor can be written as

Ĥr = AP̂2
a + BP̂2

b + CP̂2
c with =

8

>

>

<

>

>

:

A = h̄2

8p2 Ia

B = h̄2

8p2 Ib

C = h̄2

8p2 Ic

(2.52)
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With the rearrangement proposed by Ray [174] the Hamiltonian become

Ĥr =
1
2
(A + C) P̂2 +

1
2
(A� C) ˆH(k) (2.53)

ˆH(k) = P̂2
a + tP̂2

b � P̂c (2.54)

where ˆH(k) is the Reduced Hamiltonian. The advantage of this formulation is that
the eigenvalues of ˆH(k), namely the energies, depend only on the inertial asymme-
try parameter t, leaving unaltered the dependence from the individual rotational
constants.

Even though the use of this contrivance, the Hamiltonian is such that the reso-
lution of the Schrödinger equation is not possible. Is for this reason that the asym-
metric rotor expression is represented by a linear combination of symmetric rotor
functions

ΨJ,t,M = ∑
J,K,M

aJ,K,MyJ,K,M (2.55)

with
yJ,K,M = ΘJ,K,MeiKfeiMc (2.56)

where

ΘJ,K,M = NJ,K,M

✓

sin
q

2

◆|K�M| ✓

cos
q

2

◆|K+M|

F

✓

sin2 q

2

◆

(2.57)

Being the symmetric rotor wave functions orthonormal, as stated by

dJ,K,M =

(

1 J0, K0, M0 = J, K, M

0 J0, K0, M0 6= J, K, M
(2.58)

P̂2, P̂z and P̂Z result simultaneously diagonal, but remembering that Ĥr is a function
of P2

a , P2
b and P2

c , is in term of these latter that the matrix elements have to be defined.
The Schrödinger equation of our system can be defined as

ĤrΨ = EΨ (2.59)

that can be written as
ĤrΨJ,t,M = EΨJ,t,M (2.60)

where, not being ΨJ,t,M a complete base for the asymmetric rotor, can be written as
in 2.55; this gives

∑
J,K,M

aJ,K,MĤryJ,K,M = E ∑
J,K,M

aJ,K,MyJ,K,M (2.61)

In a different form, it can be expressed as

∑
J,K,M

aJ,K,M

Z +∞

�∞
y⇤ J0,K0,M0ĤryJ,K,Mdt = E ∑

J,K,M
aJ,K,M

Z +∞

�∞
y⇤ J0,K0,M0yJ,K,Mdt (2.62)

Now, since we previously note that the total angular momentum is a constant of the
motion, there are no off-diagonal matrix elements in J; the matrices for each J value
can therefore be independently treated. Additionally, being the matrix elements also
independent from the spacial orientation of P̂, we can also not consider M. We then
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FIGURE 2.2: A graphical rappresentation of K blocks into J ones [172].

obtain the following homogeneous linear equations in K,

+J

∑
K,K0=�J

�

ĤK0,K � dK,K0l
�

aJ,K,M = 0 (2.63)

The values of l are given by the resolution of the secular equation, for each of which
there are (2J + 1) values. A clue of how it graphically appears is given in figure 2.2.

�

�Ĥ � Il
�

� = 0 (2.64)

Since in the equation 2.53 1
2 (A + C) P̂2 contributes only diagonally and not K depen-

dently, and 1
2 (A� C) can be consider as a multiplicative factor of ˆH(k), a reduced

energy matrix E(k) can only to this latter be associated. Consequently the secular
determinant can be written as

|Ek � Il| = 0 (2.65)

for which the values of energy are

EK,K = hJ, K, M| Ĥ(k) |J, K, Mi = F
⇥

J(J + 1)� K2⇤+ GK2 (2.66)

EK,K±2 = hJ, K, M| Ĥ(k) |J, K, Mi = H
⇥

f (J, K ± 1)
⇤

1
2 (2.67)

where

f (J, K ± 1) =
1
4
⇥

J (J + 1)� K (K ± 1)
⇤⇥

J (J + 1)� (K ± 1) (K ± 2)
⇤

(2.68)

The total rotational energy can therefore be written as

E =
1
2
(A + C) J (J + 1) +

1
2
(A� C) EJt(k) (2.69)

with F, G and H as constants depending on how the main axes are assigned. In this
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case, dealing with a prolate molecule, among the six cases the type Ir is employed,
for which the symmetry axis z is associated with a axis and the energy matrix become
diagonal (H = 0) [172]. Being the diagonal matrix element

� J (J + 1) + 2K2
�1 (2.70)

the energy is
E = CJ (J + 1) + (A� C)K2

�1 (2.71)

To this point the Hamiltonian would be therefore already solvable, but for complete-
ness it has to be said that due to its symmetry13 a group of symmetry operations take
place. These latter are known as the Four-group Symmetry group and can be summa-
rized in table 2.1. Taking into account that the matrix elements are just numerical

TABLE 2.1: The Four-group characters

Symmetry Species E Ca
2 Cb

2 Cc
2

A 1 1 1 1
Ba 1 1 -1 -1
Bb 1 -1 1 -1
Bc 1 -1 -1 1

B refers to twofold rotation about the two not considered axes and
A refers to a function that is invariant with respect to all symmetry
operations. In subscript and apexes reference is made to the axis in

question.

quantities, they have to remain invariant under a coordinates transformation. This
means that Ĥ belongs to the species A, fact also supported by the symmetry of the
wave function, that has to remain the same. As a consequence, a secular determi-
nant for any J, hence the one referring to Ks, can be splitted up among all the com-
ponents of the Four-group, facilitating the final calculation. From the knowledge
of the eigenvalues, namely the energies measured in the experimental sessions, the
resolution of the energy matrix 2.63 makes it therefore possible, for every submatrix,
traces the energies back to their relative states. The successive normalized eigenvec-
tors will consequently be able to give, after diagonalization, the reduced energies of
the energy matrix itself, process for which iterative matrix diagonalizations proce-
dures must be used [172].

2.4 Slightly asymmetric rotor

What has been presented in the last chapter concerned a top-asymmetric rotor. How-
ever, even if what has been said is true for many molecules, it does not include them
all. Some of these are affected by great asymmetries, but there are also others that
can be classified as slight asymmetric rotors. For these latter, their energies can be
imagined as an expansion in series of powers of an asymmetric parameter. In this
regard, the Wang parameter [175] will be introduced below.

13In addition to the identity operation E about each one of the principal axes of inertia, a rotation of
180° is possible.
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Let’s take into consideration the near-prolate rotor type Ir; introducing this new
parameter it is possible to express the Hamiltonian as

Ĥr = AP̂2
a + BP̂2

b + CP̂2
c =

1
2
�

B + C
�

P̂2+
⇥

A� 1
2
�

B + C
�⇤

Ĥ
�

bp

�

(2.72)

with
Ĥ
�

bp

�

= P̂2
a + bp

�

P̂2
c � P̂2

b

�

(2.73)

where the a axis is the unique axis of quantisation [172]. The Wang asymmetric
parameter is defined as

bp =
C� B

2A� B� C
=

k + 1
k � 3

(

�1  bp  0
bp = � 1

3 (maximum asymmetry level)
(2.74)

The nonvanishing matrix elements are

hJ, K, M| P̂2 |J, K, Mi = h̄J(J + 1) (2.75)
hJ, K, M| Ĥ

�

bp

�

|J, K, Mi = K2 (2.76)

hJ, K, M| Ĥ
�

bp

�

|J, K±, Mi = bp

⇥

f
�

J, K ± 1
�⇤

1
2 (2.77)

As previously mentioned, through symmetric operations is possible to simplify the
Wang operator in order to obtain four submatrices, with the only difference that
now the matrix elements of these are given by equations 2.76 and 2.77. As a result
we have

E =
1
2
(B + C) J (J + 1) +

⇥

A� 1
2
�

B + C
�⇤

WJt

�

bp

�

(2.78)

Hence, until now, the asymmetric rotor can be decomposed into:

Asymmet-
ric rotor

Prolate symmetric limit

8

>

<

>

:

B = C

bp = 0
WJt

�

bp

�

= K2
�1

(2.79)

Near asymmetric limit

8

>

>

>

>

<

>

>

>

>

:

B = C

bp ⇡ 0
WJt

�

bp

�

= K2
�1 + C1bp

+C2bp
2 + C3bp

3 + . . .
(2.80)

where Ci terms, in reference to bp, are evaluated by perturbation techniques consid-
ering Ĥ

�

bp

�

as the perturbation operator. The same is valid for the oblate rotor type
I I Ir, with the difference that for the subscript of b instead of p is used 0, giving the
parameter b0. It’s value is then

b0 =
A� B

2C� B� A
=

k � 1
k + 3

(

�1  b0  0
bp = � 1

3 (maximum asymmetry level)
(2.81)

with the associated energy

E =
1
2
(A� B) J (J + 1) +

⇥

C� 1
2
�

A + B
�⇤

WJt (b0) (2.82)
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Asymmet-
ric rotor

Oblate symmetric limit

8

>

<

>

:

A = B

b0 = 0
WJt (b0) = K2

1
(2.83)

Near asymmetric limit

8

>

>

>

>

<

>

>

>

>

:

A = B

b0 ⇡ 0
WJt (b0) = K2

1 + C1b0

+C2b0
2 + C3b0

3 + . . .
(2.84)

2.5 The non-rigid rotor

Until now we have treated the object under investigation as a rigid body, thing that
could not be far from the truth. What we actually have is that between each nu-
cleus there is a restoring force such that, when subjected to rotation, the molecule is
led to deform the binding distances and the angles between the nuclei that form it.
Our molecule then passes from being in an equilibrium configuration to a distorted
one, with the consequence that the moment of inertia can no longer be considered
constant and independent of the rotational state. Although the effect of this phe-
nomenon is decidedly lower than the contribution that comes from the principle
term of the rotational Hamiltonian, it is not possible to do without considering it.
Indeed, being the former proportional to the rotational energy, it becomes more and
more evident as the rotational energy increases, albeit giving a smaller contribution,
even at low J.

Since we can consider the distortion as a departure from what is the equilibrium
configuration, we can express the displacement term14 as a power series expansion
in terms of the 3N � 6 Ri independent internal displacement coordinates, with

Ri = dri = ri � re
i (2.85)

If we assume that harmonic forces are retained, the potential energy can be expressed
as

V =
1
2 ∑

i,j
fijRiRj (2.86)

where Ri are the internal coordinates and fij = f ji with f as the force harmonic
constant15. The classical Hamiltonian can hence be expressed as

Ĥ =
1
2 ∑

a,b
µabP̂aP̂b +

1
2 ∑

i,j
Gij p̂i p̂j + V

8

>

<

>

:

a, b: take on values x,y,z
i, j: enumerate the various
internal coordinates

(2.87)

where the first term represents the rotational energy with µab as an element of the
inverse moment of inertia tensor and P̂a,b as the a, b component of P̂2. The second
and third coefficients are related respectively to the kinetic and potential energy of
the vibrational part, in which p̂i is the momentum conjugate to the coordinate Ri

14For small displacement.
15 f respect to Ri rappresents a bond-streatching, an angle-bending or an interaction (i.e stretch-bend)

force constant.
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and Gij the elements that arises when internal coordinates are used in molecular
vibration problems [176]; but being us in this circumstance interested only in the
rotation of the molecule, the second coefficient will not be herein considered. Hence,
differentiating the Hamiltonian in respect to Ri in the no-vibration assumption we
get

1
2 ∑

a,b

∂µab

∂Ri
P̂aP̂b +

∂V

∂Ri
= 0 i = 1, 2, ..., 3N � 6 (2.88)

Approximating µab by a series expansion about the equilibrium µe
ab we can write

µab = µ
e
ab + ∑

i

µ
i
abRi + ... µ

i
ab =

✓

∂µa,b

∂Ri

◆

e

(2.89)

Being at the equilibrium the first term is equal to zero and, having assumed a small
displacement, only linear terms are considered. Likewise, differentiating the equa-
tion 2.86 with respect to Ri and considering the equation 2.89

1
2 ∑

a,b
µ

i
abP̂aP̂b + ∑

j

fijRj = 0

Rj = �
1
2 ∑

i,a,b

�

f�1�

ji
µ

i
abP̂aP̂b (2.90)

that inserted in equation 2.89 gives

µab = µ
e
ab �

1
2 ∑

i,j,g,d
µ
(i)
ab

�

f�1�

ij
µ
(j)
gd P̂gP̂d (2.91)

Now, replacing the equation 2.90 into 2.86, the potential energy looks like16

V =
1
8 ∑

i,j,a,b,g,d
µ
(i)
ab

�

f�1�

ij
µ
(j)
gd P̂aP̂bP̂gP̂d (2.92)

causing the classical rotational Hamiltonian to become equal to

Ĥ =
1
2 ∑

a,b
µ

e
abP̂aP̂b +

1
4 ∑

a,b,g,d
ta,b,g,dP̂aP̂bP̂gP̂d (2.93)

where
ta,b,g,d = �

1
2 ∑

ij

µ
(i)
ab

�

f�1�

ij
µ
(j)
gd (2.94)

Now, while the first component of the classical rotational Hamiltonian for a semi-
rigid rotor still represents the usual rigid rotor energy, the second one gives us the
correction relative to its distortion, namely the centrifugal distortion. To note, re-
gards the distortion constants there is no dependence on the rotational as well as the
vibrational coordinates17. In any case, in a real situation certain constants depend
on the vibrational coordinates and therefore of these must be considered functions.
What in practice happens is that the principal moment of inertia, obtained from the

16∑l fil

�

f�1�

l j
= dij

17Since, given the initial assumptions, at least for the latter it could not be otherwise.
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spectrum of the ground state, is in fact the mediation on all the rotational levels of
the ground level in question, returning what the true inertia moments are. About
that, Wilson and Howard [177] and Darling and Dennison [178] have proposed a
general vibro-rotational quantum mechanical Hamiltonian operator that, thanks to
various perturbative treatments, managed to express the vibro-rotational energies of
the relative levels.

We can see this same Hamiltonian as

Ĥ = Ĥr + Ĥd (2.95)

Ĥr = ∑
a

B0P̂2
a (2.96)

Ĥd = Ĥ
(4)

d + Ĥ
(6)

d

=
h̄4

4 ∑
a,b,g,d

ta,b,g,dP̂aP̂bP̂gP̂d + h̄6
∑

a,b,g,d,e,h
ta,b,g,d,e,h P̂aP̂bP̂gP̂dP̂eP̂h (2.97)

with a, b, g, d, e, h =x, y or z and the rotational constants as B0 = h̄2

2Ia

18, in which has
been included the correction to the sextic term19. As a whole there are 729 coeffi-
cients, a fact that would create very long times to go back to the parameters of the
Hamiltonian from experimental energies; a time that moreover can be vain to wait
if we consider that few are the parameters that take part. For this reason, Watson
([179];[180];[181]) introduces a reduced Hamiltonian able to fit experimental data in
terms of fundamental molecular parameters and does so by exploiting the fact that
the eigenvalues must remain the same even after certain transformations. In this
case, let U be a unitary operator20

U = eiS (2.98)

with S Hermitian, for which we can write

H̃ = U�1
Ĥ U (2.99)

The transformation, through symmetry operations designated by S of equation 2.98
that are the same as the total symmetry species of the molecular point group, will
enormously reduce the coefficients to be considered and with these the time re-
quested, remaining however able to parameterize the energies from experimental
source. The same Wilson devised a more elegant notation to define the general
power series of equation 2.96, the so-called standard form [179]

Ĥst =
∞

∑
p,q,r=0

hpqr

�

P̂
p
x P̂

q
y P̂r

z + P̂r
z P̂

q
y P̂

p
x

�

(2.100)

to which derives the form of S of equation 2.98

S = ∑
p,q,r=0

spqr

�

P̂
p
x P̂

q
y P̂r

z + P̂r
z P̂

q
y P̂

p
x

�

(2.101)

With the action of the unitary transformation elements corrisponding to the relative

18With the ’ it is indicated that B is an actual constant, which takes into account the vibrations too.
19Obtained from the same procedure used in order to obtain the quartic one [172].
20U�1 = U†
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molecular point group is then possible to "streamlined" the Hamiltonian terms ob-
taining for example an orthorhombic system for which only even n21 are present,
thus returning to a totally even group like A in table 2.1. Now that we have seen
how these parameters come from, it is possible to understand what are the terms
that make up the reduction that was specifically used, namely the Symmetry top re-
duction S. To get to this one must first see what the coefficients of the reduced form
are. We can write Ĥ as

Ĥ =
�

Bx � 4R6
�

P̂2
x +

�

Bx � 4R6
�

P̂2
y +

�

Bz � 4R6
�

P̂2
z � DJ P̂

4 � DJK P̂2P̂2
z

�DK P̂4
z � dJ P̂

2�P̂2
+ + P̂2

�
�

+ R5{P̂2
z

�

P̂2
+ + P̂2

�
�

+
�

P̂2
+ + P̂2

�
�

P̂2
z

+R6(P̂4
+ + P̂4

�
�

(2.102)

with the coefficients given by the first-order energy expression in table 2.2.

TABLE 2.2: Distortion Coefficients for the First-Order Energy

dJ = DJ �
2d
�

B+C
�

B�C � 2R6

dJK = DJK� 2sdJ + 4
�

R5 + 2sR6
�

B+C
B�C

dK = DK � 4s
�

R5 + 2sR6
�

� 10R6

s = 2A�B�C
B�C

DJ = � 1
32{3txxxx + 3tyyyy + 2

�

txxyy + 2txyxy

�

}h̄4

DK = DJ � 1
4{tzzzz �

�

txxzz + 2txzxz

�

�
�

tyyzz + 2tyzyz

�

}h̄4�

DJK = �DJ � DK � 1
4 tzzzzh̄4

R5 = � 1
32{txxxx � tyyyy � 2

�

txxzz + 2txzxz

�

+ 2
�

tyyzz + 2tyzyz

�

}h̄4

R6 = 1
64{txxxx + tyyyy � 2

�

txxyy + 2txyxy

�

}h̄4

dJ = � 1
16{txxxx + tyyyy}h̄4

[172]

With the transformation operation H̃ remains of the same shape as Ĥ , with the
only difference that now the coefficients are given in the table 2.3, remembering that

TABLE 2.3: Distortion Coefficients for H̃

D̃J = DJ +
R5
s

D̃JK = DJK� 6R5
s

D̃K = DK + 5R5
s

d̃J = dJ

R̃6 = R6 +
R5
2s

[172].

s =
2Bz � Bx � By

Bx � By
(2.103)

21n = p + q + r
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we use, being us in the Ir representation, s = � 1
bp

22. Consequently, the relative
Hamiltonian, reduced by the utilization of the Hermitian S, can now be express as

Ĥ
(S) = Ĥr + Ĥ

(4)
d + Ĥ

(6)
d (2.104)

in which, including also sextic terms,

Ĥr = B
(S)
x P̂2

x + B
(S)
y P̂2

y + B
(S)
z P̂2

z

=
1
2
�

B
(S)
x + B

(S)
y

�

+
⇥

B
(S)
z �

1
2
�

B
(S)
x + B

(S)
y

�⇤

P̂2
z

+
1
4
�

B
(S)
x � B

(S)
y

��

P̂2
+ + P̂2

�
�

(2.105)

Ĥ
(4)

d = �DJ P̂
4 � DJK P̂2P̂2

z � DK P̂4
z + d1P̂2�P̂2

+ + P̂2
�
�

+ d2
�

P̂4
+ + P̂4

�
�

(2.106)

Ĥ
(6)

d = HJ P̂
6 + HJK P̂4P̂2

z + HKJ P̂
2P̂4

z + HK P̂6
z + h1P̂4�P̂2

+ + P̂2
�
�

+h2
�

P̂4
+ + P̂4

�
�

+ h3
�

P̂6
+ + P̂6

�
�

(2.107)

Actual rotational constants are given by

B̃x = Bx + 4
�

Bz � By

�

s111

B̃y = By + 4
�

Bz � Bx

�

s111

B̃z = Bz + 4
�

Bx � By

�

s111 (2.108)

in which the Hermitian s is defined as

s111 =
2R5

2Bz � Bx � By
(2.109)

2.6 The hyperfine structure

So far in our analysis we have practically never considered the nucleus, but even
this can play an important role, which specifically leads to what is known as nuclear
hyperfine structure. In practice, looking at a set of molecules, we can say that mostly
all the stable ones, and in particular the organic ones, possess the ground electrons
paired with each other23. In the first order approximation of a stationary molecule
the contributions of the electric and magnetic fields are absent because they cancel
each others out; but when it begins to rotate, weak magnetic fields are generated
and interacting with the nuclear magnetic moment produces in response a slight
magnetic field that causes a displacement of the observed lines. In figure 2.3 there is
a representation of the phenomenon.

In other words, the dipolar nuclear moment interaction originates from the inter-
action of a non-spherical distribution of the nuclear charge. This is the reason why
atoms with nuclear spin of 0 and 1

2 , having spherical symmetry, are exempted from
this phenomenon. Hence, is the interaction of the moment of nuclear quadrupole
with the equally non-spherical electronic distribution around such nucleus that gen-
erates an electric field gradient in proximity of the nucleus itself. In responce a con-
sequent torque is formed and this, in the attempt of realigning the nuclear spin in the
direction of the field gradient, originates the nuclear precession frequency and the

22To bring us back to the symmetric Hamiltonian we use the equivalences DJ = D̃J , DJK =
D̃JK , DK = D̃K , d1 = �dJ , d2 = R̃6.

23Therefore allocated in the singlet Σ state.



40 Chapter 2. Theoretical bases

FIGURE 2.3: Nuclear interaction with extra-nuclear charges in an ex-
ternal fixed axes system [172].

annexed quadrupole nuclear spectrum. Since the dimensions of the core are finite
we can express E like

E =
Z

rnVdtn (2.110)

where rn = r(X, Y, Z) is the density in the elemental nuclear volume dtn = dXdYdZ
with the potential V. Conveniently, V can be expanded with a Taylor’s expansion

V = V0 +

✓

∂V

∂X

◆

0
Xn +

✓

∂V

∂Y

◆

0
Yn +

✓

∂V

∂Z

◆

0
Zn +

1
2

✓

∂2V

∂X2

◆

0
X2

n

+
1
2

✓

∂2V

∂Y2

◆

0
Y2

n +
1
2

✓

∂2V

∂Z2

◆

0
Z2

n +

✓

∂2V

∂X∂Y

◆

0
XnYn

+

✓

∂2V

∂X∂Z

◆

0
XnZn +

✓

∂2V

∂Z∂Y

◆

0
ZnYn + ... (2.111)

which inserted in equation 2.110 returns the first (E0), the second (or dipole Ed) and
the higher (EQ) term

E0 = V0

Z

rndtn (2.112)

Ed =

✓

∂V

∂X

◆

0

Z

Xnrndtn +

✓

∂V

∂Y

◆

0

Z

Ynrndtn

+

✓

∂V

∂Z

◆

0

Z

Znrndtn (2.113)



2.6. The hyperfine structure 41

EQ =
1
2
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∂X2
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0

Z

X2
nrndtn +

1
2
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∂Y2
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+

✓
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◆

0

Z

XnZnrndtn +

✓

∂2V

∂Z∂Y

◆

0

Z

rnZnYndtn

+... (2.114)

Now, being equation 2.112 independent in respect to the nuclear orientation, it does
not interest us. Furthermore, equation 2.113 cancels because of the simmetry of
rn = r(X, Y, Z) that integrated will always garantee that positive values cancel the
corrisponding negtive ones. What remains is the second derivative given by equa-
tion 2.114. Once again consider a body fixed system and place the molecule on it
with z parallel to I; the terms given by the integrals of the crossed components van-
ish, and it results

Z

rnx2
ndtn =

Z

rny2
ndtn =

1
2

Z

rn

�

x2
n + y2

n

�

dtn =
1
2

Z

rn

�

r2
n � z2

n

�

dtn (2.115)

Consequently, it is possible to express equation 2.114 as

EQ =
1
4

✓

∂2V

∂x2

◆

0
+

✓

∂2V

∂y2

◆

0

�

Z

rn

�

r2
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n

�

dtn +
1
2

✓

∂2V

∂z2

◆

0

Z

rnz2
ndtn (2.116)

Remembering that the charge causing the field gradient can be considered zero over
the volume due to the Laplace’s equation r2V = 0

✓

∂2V

∂x2

◆

0
+

✓

∂2V

∂y2

◆

0
= �

✓

∂2V

∂z2

◆

0
(2.117)

This latter equation, 2.117, makes possible to write the equation 2.116 as

EQ =
1
4

✓

∂2V

∂z2

◆

0

Z

rn

�

3z2
n � r2

n

�

dtn (2.118)

Defining Q⇤ as the intrinsic nuclear quadrupole moment with the value

Q⇤ =
1
e

Z

rn

�

3z2
n � r2

n

�

dtn (2.119)

equation 2.118 becomes

EQ =
1
4

✓

∂2V

∂z2

◆

0
eQ⇤ (2.120)

In the quantum mechanical case I and Q⇤ are not observable quantities 24 but can be
expressed as a function of Q as

Q⇤ =
2
�

I + 1
�

�

2I � 1
�Q (2.121)

Essentially Q⇤, whose information is shown in table 2.4, becomes a parameter that
accounts for the nuclear deviation from sphericity.

24Only I2 has eigenvalues.
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TABLE 2.4: Possible values of Q⇤

Q⇤’s value geometry

positive prolate
0 spherical
negative oblate

At positive and negative Q⇤ corresponds respectively prolate and
oblate rotors [172].

From a quantum point of view, the nuclear spin I moment is coupled with the molec-
ular rotational angular momentum J to give the total angular momentum F. We can
think of I and J in precession around F as in figure 2.4. The associated quantum
numbers are F, MF and J 25 and have values

F = J + I, J + I � 1, J + I � 2, ..., |J � I| (2.122)
MF = F, F� 1, F� 2, ...,�F (2.123)

In h̄ units the eigenvalues are given by

hF, MF| F̂2 |F, MFi = F
�

F + 1
�

(2.124)

hF, MF| F̂Z |F, MFi = MF (2.125)

FIGURE 2.4: Coupling vector diagram of I and J forming F [172].

25 J2 remains a constant of the motion even after a treatment of the first order.
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To obtain the relative Hamiltonian, to the equation 2.114 has to be added and sub-
tracted 1

6r2V
R

rnR2
ndtn; the result one obtains is
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Remembering the Laplace’s equation r2V = 0, 2.126 can be expressed as

EQ = �1
6

Q⌦rE =
1
6 ∑

i,j=X,Y,Z
QijVij (2.127)

where

rE = eX
∂E

∂X
+ eY

∂E

∂Y
+ eZ

∂E

∂Z
(2.128)

Q =
Z

rn

⇥

3RnRn �
�

eXeX + eYeY + eZeZ

�

R2
n

⇤

dtn (2.129)

in which Q represents the quadruple dyadic moment26, whilerE is the electric field
gradient of an extra nuclear charge, with Rn that stands for the vector locating points
of the nuclear volume in the space-fixed X, Y, Z. From here it is possible to develop
the quantum mechanical operator for the quadrupole interaction energy [172] as

ĤQ =
eQqJ

2J
�

2J � 1
�

I
�

2I � 1
�

⇥

3
�

I · J
�2

+
3
2

I · J� I2 · J2⇤ (2.130)

Derived for the first time by Casimir [182], it is applicable to a coupling nucleus of
any type of molecule, with QJ related to the type of molecule considered. Thinking
that

F2 =
�

J + I
�2

= J2 + 2J · I + I2 (2.131)

I · J =
1
2
�

F2 � J2 � I2� (2.132)

I · J eigenvalues in h̄ units are

hF, J, I|
�

J · I
�

|F, J, Ii = 1
2
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�

F + 1
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� J
�

J + 1
�

� I
�

I + 1
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=
1
2

C (2.133)

hF, J, I|
�

J · I
�2

|F, J, Ii = 1
4

C2 (2.134)

26If we consider a particular orthogonal Cartesian reference system the dyad can also be expressed

as the sum of elementary dyads, therefore as ai k̄ibj k̄j =
✓

∑
3
i=1 ai k̄i

◆✓

∑
3
j=1 bj k̄j

◆

=∑
3
i=1 ∑

3
j=1 aibj k̄i k̄j.
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Consequently, the energy of the Hamiltonian 2.130 can be expressed as

EQ =
eQqJ

2J
�

2J � 1
�

I
�

2I � 1
�



3
4

C
�

C + 1
�

� J
�

J + 1
�

I
�

I + 1
�

�

(2.135)

where
C = F

�

F + 1
�

� J
�

J + 1
�

� I
�

I + 1
�

(2.136)

and qJ expressible as

qJ = qaa hJ, i, MJ = J|Φ2
Za |J, i, MJ = Ji+ qbb hJ, i, MJ = J|Φ2

Zb |J, i, MJ = Ji
+qcc hJ, i, MJ = J|Φ2

Zc |J, i, MJ = Ji (2.137)

qij in the equation 2.137 is the molecular field gradient at the coupling nucleus with
reference to the inertial axes, and is utterable as

∂2V

∂a2 = qaa,
∂2V

∂a∂b
= qab, ... (2.138)

while Φ2 (always with a, b, c referred to the internal axes) is given by27

∂a

∂Z
= cosqZ,a = ΦZ,a (2.139)

Combining the equations 2.137 and 2.135, we get

EQ = ∑
g=a,b,c

cgg hJ, i, MJ = J|Φ2
Z,g |J, i, MJ = Ji

 3
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I
�

2I � 1
�

�

(2.140)
where

caa = eQqaa,, cbb = eQqbb, ccc = eQqcc (2.141)

Now, thanks to the relation

hJ, i, MJ = J|Φ2
Z,g |J, i, MJ = Ji = 2

�

J + 1
��

2J + 3
� hJ, i| J2

g |J, ii+ 1
2J + 3

(2.142)

that subsists between the diagonal elements of the matrix of Φ2 when MJ = J and
the diagonal elements of the matrix J2

g in the representation of the unperturbed ro-
tor in the base J, I, MJ , the same 2.140 can be written in the slenderer alternative
configuration

EQ =
2

�

J + 1
��

2J + 3
� ∑

g=a,b,c
cgg hJ, i| J2

g |J, ii
 3

4 C
�
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J + 1
�

I
�

I + 1
�

2J
�

2J � 1
�

I
�

2I � 1
�

�

(2.143)

27Z, keep in mind, fixed in space.
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2.7 Microwave transitions and selection rules

So far it has been seen from where the Hamiltonians originated, what they are made
of and how it is possible to trace the quantized energy associated with the system,
but it has not yet been seen what behaviour these transitions have and what mea-
surable parameters they are associated to. In the attempt to give a comprehensive,
even profoundly limited, picture of this theoretical introduction we will therefore
in this section try to discuss about these two latter topics. In a molecular system
having a dipole moment, electromagnetic radiation will associate with the former to
give a transition when hn = ∆E. In this case the electric dipole, being coupled with
the electric component of the radiation, will generally be responsible for rotational
transitions. We can therefore say that the frequency associated with this transition
from a lower state m to an upper state n, namely the resonance frequency, is given
by

nmn =
En � Em

h
(2.144)

Therefore, being r
�

nmn/nm

�

the density of the radiation nmn/mn, Bmn/nm the absorp-
tion and emission coefficients of a particular particle and Amn the spontaneous emis-
sion coefficient28, the probability of such an event is

pm!n = r(nmn)Bm!n (2.145)
pm n = r(nmn)Bm n + Am n (2.146)

It can be demonstrated [183] that for an isotropic radiation the probability is

pm!n =
8p3

3h2

⇥

|hm| µX |ni|2 + |hm| µY |ni|2 + |hm| µZ |ni|2
⇤

r
�

nmn

�

(2.147)

where, as we know,
|hm| µF |ni| =

Z

y⇤mµFyndt (2.148)

with F = X, Y, Z. Being the dipole moment matrix Hermitian, it follows that

Bmn = Bm!n = Bm n =
8p3

3h2

⇥

|hm| µX |ni|2 + |hm| µY |ni|2 + |hm| µZ |ni|2
⇤

(2.149)

where the quantities hm| µi=X,Y,Z |ni are the matrix elements of the dipole in the
representation of the space fixed axes system which diagonalize the energy matrix 29.
By indicating the cosine of this angle as Φ(Fg) and assuming to have a transition from
a state |J, K, M,i to a |J0, K0, M0i one for an asymmetric molecule, therefore referring
to t instead of K, the induced absorption coefficient or stimulated emission is

BJ,t,M!J0,t0,M0 =
8p3

3h2 ∑
F=X,Y,Z

�

�hJ, t, M| µF |J
0, t0, M0i

�

�

2 (2.151)

28Called "the Einstein coefficients" because by him formulated. Among other things, Einstein had as-
sumed the equivalence of the two Bs, which was then confirmed by quantum mechanical calculations
and experimental evidence.

29More generally, being able to express µF in relation to the body fixed system as

µF = ∑
g

cos
�

Fg
�

µg (2.150)

with µg component of the permanent dipolar moment along the main axis of inertia and cos
�

Fg
�

the
cosine of the angle between the internal and external reference system.
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Just the fact of observing transitions in certain levels rather than others, that trans-
lated means the components for which the matrix elements do not vanish, gives rise
to what are known as the selection rules which for an asymmetrical rotor are

∆J = 0,±1 ∆M = 0,±1 (2.152)

while for ∆K values can assume the ones in table 2.5 The induced emission coeffi-

TABLE 2.5: Assumable ∆K values

Dipole Content ∆K�1 ∆K+1

µa 6= 0 0,±2, ... ±1,±3, ...
µb 6= 0 ±1,±3, ... ±1,±3, ...
µc 6= 0 ±1,±3, ... 0,±2, ...

Values assumed by K in an asymmetric rotor [172].

cient turns out to be

Am!n =
64p4n3

mn

3hc3

⇥

|hm| µX |ni|2 + |hm| µY |ni|2 + |hm| µZ |ni|2
⇤

(2.153)

but being A dependent on the cube of n its contribution is irrelevant in the mi-
crowave region. If we now ask ourselves what is the power associated with a tran-
sition we notice that, given V the volume of the sample, the number of molecules
undergoing a transition from m to n is given by

Pm!n = VNm pm!nhnmn = VNmBmnr(nmu)hnmn (2.154)

while that for a stimulated emission is

Pm n = VNnBmnr(nmn)hnmn (2.155)

Not being in the case of a maser, the population of m is generally greater than that
of n, which produces a negative ∆P. Assuming a condition of thermal equilibrium30

we can use the Boltzmann distribution31 and express the absorbed power as

Pabs = �∆P = VNm

✓

1� e
�hnmn

kBT

◆

Bmnr(nmn)hnmn (2.157)

By defining the absorption coefficient a

a = � 1
∆P

∆P

∆x
(2.158)

and the volume element as ∆V = S∆x, the energy density as and the number of
particles as r

�

n
�

= P/cS, the number of molecules in the state m Nm = NFm with

30Thermal relaxation is rapid if compared with the rate of exchange of the molecular energy related
the applied field.

31At the equilibrium the Boltzmann distribution requires

Nn

Nm
= e

�hnmn
kB T (2.156)
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Fm the fraction of molecules in the state m, we define

a =
NFm

�

hnmn

�2

ckBT

✓

1� 1
2

hnmn

kBT
+ ...

◆

Bmn (2.159)

that in the case of rotational spectroscopy, expanding in series and truncating it to
the first member since hn < kBT

a ⇡ NFm

�

hnmn

�2

ckT
Bmn (2.160)

Assuming an isotropic radiation 32, replacing the value of Bmn and multiplying by a
normalized function S(n, n0) we obtain

an =
8p3NFmn2

3ckBT

✓

1� 1
2
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kBT

◆

S
�

n, n0
�⇥

|hm| µX |ni|2 + |hm| µY |ni|2 + |hm| µZ |ni|2
⇤

(2.161)
with n any frequency in the absorption range and n0 the frequency of the absorption
peak. When n0 equals n then what is known as peak absorption coefficient amax is
obtained, which is

amax =
8p2NFmn2

0
3ckBT(∆n)

✓

1� 1
2

hn0

kBT

◆

|hm| µ |ni|2 (2.162)

However, there are two factors that mainly affect the measurement of the ab-
sorption frequency. The first is the Doppler effect, a phenomenon resulting from the
non-homogeneity of the molecular beam. Let v denote the speed with which the nth

molecule moves with respect to the incident radiation. The frequency variation that
is recorded is given by the Doppler formula

n = n0

✓

1 +
v

c

◆

(2.163)

in which v, having a positive or negative value, will respectively increase or decrease
the detected frequency. The molecules of a gas in thermal equilibrium, having a
Maxwell-Boltzmann velocity distribution, will give rise to a Doppler shift according
to

Sd(n, n0) = S0e



� mc2
2kBT

�

n�n0
n0

�2
�

(2.164)

The line broadening from the Doppler effect 2
�

∆n
�

d
, referred to half of the recorded

line, will have a value given by 33
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which replaced in equation 2.164 expresses the line-shape function caused by the
Doppler effect as

Sd(n, n0) = S0e
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(2.166)

32Ideal case.
33M = molecular weight in atomic mass.
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If then the equation 2.165 is inserted in the equation 2.16134, for hn ⌧ kBT therefore
in this case of study, what is obtained when the pressure is much lower than the
critical pressure35 is

an(p 6 pc) = Cn2 pe
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�2
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(2.167)

with C a constant independent of the pressure and the frequency. Substituting in
equation 2.167 the resonance frequency n0 as n and the critical pressure pc as p let
the maximum absorption coefficient becomes

(amax)d = Cn2
0 pc (2.168)

Obtaining Cn, from the ratio between the absorption coefficient of a frequency n and
the maximum absorption coefficient, we obtain the normalized Doppler-broadened
line shape function whose in figure 2.5 is visible the trend.

FIGURE 2.5: Doppler-brodened line shape [172].

34With N = 9.68⇥ 1018 pmm

T where pmm is the pressure in mm of Hg and T the absolute temperature.
35The value beyond which the lines begin to expand due to the collisions between the molecules

belonging to the sample.
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The second factor that most affects the broadening of the line is the pressure en-
largement due to collisions between the investigated molecules. The lifetime of a
line, that is the time in which a state of excitement persists before decaying, is dic-
tated by the uncertainty principle. We can roughly write

∆t∆E ⇡ h̄ (2.169)

which corresponds to the frequency spread

∆n =
∆E

h
⇡ 1

2p(∆t)
(2.170)

Now, assuming that there are only spontaneous emissions as the cause of lifetime,

∆t =
1

Amn
=

3hc3

64p4n3
mn|hm| µ |ni|2

(2.171)

which with equation 2.153 becomes

∆n ⇡ 32p3n3
mn

3hc3 |hm| µ |ni|2 (2.172)

Due to collisions, however, this time decreases. By calling t the average time a state
lives, the same difference in frequency can be referred to as ∆n = 1

2pt At low pressure
when at the half-width ∆n ⌧ n0 the function can be described by a Lorentzian one
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(2.173)

where ∆n = 1
2pt , t is the mean time between collisions and n0 is the resonant fre-

quency peak. Bearing in mind that at very low pressure t is inversely proportional
to the pressure, therefore that the difference of the one is proportional to the differ-
ence of the other, and that the number of absorbent particles also increases linearly
with pressure, knowing that

∆n ⇡ 300pmn
∆nt

T
(2.174)

and taking into account that N = 9.68⇥ 1018 pmn

T it is possible to write the absorption
coefficient as a function of pressure and temperature. It is

an = Cn2

"

(∆n)1 p2

(n� n0)2 + (∆n)2
1 p2

#

(2.175)

with p the pressure, ∆n1 the widening of the frequency to p = 1 mm and T=300 K.
Obtaining C, once again independent from pressure and frequency, and imposing
n = n0 we obtain the maximum absorption coefficient

amax =
Cn2

0
(∆n)1

(2.176)
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and expressing the relationship of the two results

an
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⇤2
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(2.177)

whose progress is shown in the figure 2.6.

FIGURE 2.6: Pressure broadening where the line width is directly pro-
portional to the pressure [172].

Even more general is the function of Van Vleck-Weisskopf [184], for which
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(2.178)

which is applicable to both low and relatively higher pressure regimes. As an exam-
ple in the figure 2.6 we see how at low pressures when the ∆n decreases the second
term of equation 2.178 drops its contribution until resemble a pure Lorentzian func-
tion.
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Chapter 3

Software

Over the years, spectroscopists have gradually enriched the collection of molecular
species spectra. Initially started from more identifiable atmospheric and astronomi-
cal molecules, over time they broaden the research target increasing the volumes of
the registered catalogs36. At the same time, with the progress of the instrumentation
itself, the need to keep certain archives always up to date emerged and the neces-
sity of a shared catalog with a common formalism became as clear as essencial. The
first to move in this direction, building the AFGL database [185](later HITRAN, an
acronym for High Resolution Transmission), have been those who were working in
the infrared region, while those that were working in longer wavelengths, having
them effective Hamiltonians capable of well fitting the spectra, began to develop the
first softwares that starting from dipolar moments were able to predict intensities.
Successively, with the arrival of increasingly performing microprocessors and algo-
rithms, sotfware have become more and more complicated allowing to approximate
complex molecular Hamiltonians with perturbation theory, pushing further the pro-
liferation of these analyzes; but with a problem, namely the same encountered in
developing catalogs: a common formalism.

Initially written in FORTRAN at Caltech University under the name of CAL-
PAM,37 H.M Pickett created in his suite the first angular moments operators formu-
lation. The software, downloadable at the Jet Propulsion Laboratory website [186],
was developed using the idea that most angular moments could have been well
modeled with second-rank tensor in a spherical harmonics base. With the use of an
expression to which commutation and anti-commutation operations are applicable
and with the use of scalars, isotropic and anisotropic operators the organization of
the input in generalizable matrix blocks returns an almost complete set of quantum
mechanical parameterizations [187]. In addition to others, the most used compila-
tions that have been used also in this work are Spfit and Spcat, acronyms standing
respectively for Spin Fitting and Spin Cataloging.

The Spfit input data are those contained in the *.par and in the *.lin38 files, which
stand respectively for spectroscopic parameters and observed frequencies with cor-
responding spectroscopic assignments. At runtime the operators contained in the
*.par are parsed and the codes that associate the symmetry, Hamiltonian block and
angular momentum type are set [187]. Once the run is over the initial *.par is over-
written with the new results given in the fit that takes into account the contributions
coming from the lines of the *.lin file. Spfit’s output files include the *.fit (bearing the
least-squares of the fitted parameters and the difference between the observed and
calculated transition), the *.bak (copy of the input *.par), the *.par (in which a new
set of parameters, their numbers and the number of input transitions are provided)

36An archive in which spectra are stored.
37Which stands for California Programs, but also in the other accepted form, Calculation Programs.
38"*" refers to the name * of the file to be recalled in the prompt when the program is launched.



52 Chapter 3. Software

[188] and most importantly the *.var (in which there are the new parameters and the
correlation matrix among the fitted parameters). In both cases, inputs and outputs
are in text files format.

Spcat input files are the *.var and the *.int. The first, produced by Spfit, contains
the spectroscopic variables of the molecule under examination while the second pro-
vides information about intensities, such as temperature, component of the dipole
moment, partition function, frequencies of transitions and the required limit of quan-
tum numbers. Once processed, the data provided in the output are the *.cat, *.str,
*.egy and *.out files, corresponding respectively to the catalog (the most important
of the four) of the predicted tansitions frequencies, the strenght, the energies and the
eigenvalues.

The manner in which Pickett identified the operators of the effective Hamiltonian
is shown below. Given this simple rotational Hamilonian (i.e. asymmetric rigid
rotor, no distortion terms)

Hrot = AN2
a + BN2

b + CN2
c (3.1)

the numerical code that identifies N is 10000, which multiplied by the code of the
specific rotational constant will form the corrisponding term. If N is an end over
end rotational operator of the angular momentum and S is the total electronic spin
angular momentum, J = N + S which for the singlet state is reduced to J = N39.
The general operator code (in the nine digits representation) used by Pickett is

S2S1n|Op|kjv0v” (3.2)

where Op stands for the operator and it is indicated by two digits, v’ and v" are the
"pure" energy terms defined by the state identifiers v’ and v" ( can be on diagonal,
v’=v", or off diagonal v’ 6=v" ), j can be used to define the rotational constant (J=1)
or the distortional constants (j9), k applies to N2

z (i.e. the projection of the angular
momentum onto a fixed axis within the molecule), S1 to spin-spin coupling and S2
to symmetries of the periodic functions utilized. The 3.2 operator code refers to the
matrix element

⇥

N
�

N + 1
�⇤j

K2k
�

N · S
�n hNK| |Op| |N0K0i (3.3)

with N quantum number for molecular rotation, K quantum number for the projec-
tion of N along the a inertial axis, S the total spin electron angular momentum. As an
example of this notation, considering a prolate rotor in the representation Ir, Op = 0
stands for a scalar, 1 = NaNa, 2 = NbNb, 3 = NcNc, 4 = N2

+ + N2
�, 5 = N4

+ + N4
�,

6 = N6
+ + N6

�, 20 = Na, 21 = NbNc + NcNb, etc., from which it is apparent that also
the ladder operators are included in this operator code. To clarify, the operator for
the centrifugal distortion d2 (N4

+ + N4
�) in the Watson’s S-reduction Hamiltonian for

a vibrational state v = 1 is indicated with the abbreviation |5|0011. In the case where
v = 0, the abbreviation is reformulated as |5|0000 [188]. The headers of the files are
shown below, indicating the abbreviations and their meanings.

Having the *.var and *.par files the same header40, table 3.1 shows how they
are organized while as example in figure 3.1 the header of the *.par file of the TA
conformer is presented. The black background is due to the text editor, in this case
Sublime text, but the arrangement of the information remains unchanged between

39Here the electronic orbital angular momentum L = 0, otherwise N = R + L with R rotational
angular momentum of the molecule.

40The only difference among these two files is that once the part dedicated to the parameters is
finished, in the *.var file the diagonalization matrix is reported.
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different editors. Table 3.3 reports the meanings of the different acronyms listed in
Table 3.1. Keep in mind that if, as specified in table 3.3, the VSYM in the *.var

TABLE 3.1: *.var and *.par organization

* file name
NPAR NLINE NITR NXPAR THRESH ERRTST FRAC CAL
CHR SPIND NVIB KNMIN KNMAX IXX IAX WTPL WTMN VSYM EWT DIAG

(Additional lines)
(Parameters lines)

...

A summary of the abbreviations of *.var and *.par. Second and third
lines are freeform[189].

FIGURE 3.1: How the header of the TA.par and TA.lin look like.

TABLE 3.2: Parameter lines in *.var and *.par files

IDPAR PAR ERPAR LABEL

Parameter identifier Parameter value Parameter uncertainty Parameter label
Acronyms and relative meanings for the parameters and relative val-

ues and errors for *.par and *.var files [189].

and *.par is negative, in table 3.1 there will be a third row with the same acronyms
of the second, fact that also happens in the figure 3.1. Namely, in the case of study
that in this thesis will shortly be presented this was done to take into account the
quadrupole moment that otherwise would not have been considered. Specifically,
we set two "fictitious" vibrational states: both refer to the ground state but one is de-
fined without hyperfine structure (SPIND = 1) while the other takes it into account
(SPND = 3). Then there is, both in *.par and *.var files, the section dedicated to the
parameters which is summarized in table 3.2. Above was said that Spfit need the
*.par and the *.lin files to run. In the figure 3.2 some lines of the TA.lin file are there-
fore presented. Starting from the left side, the quantum numbers are grouped start-
ing from the higher to the lower ones, as J’, K0a, K0c, n’, F ’, J, Ka, Kc, n, F. F, the quantum
number of the total angular momentum, for the state that has no quadrupole cou-
pling (n, n’= 0) will assume the value of J, while in the case in which n, n’ = 1 (that is
when SPND = 3, quadrupole considered) it will take J and J± 1 values. Continuing
in the same order one then finds the experimental frequencies [MHz], the associated
error [MHz] and the WGT (the relative weight to be considered in the weighted av-
erage).
Spfit’s product was said to be the *.fit file. The latter is divided into three parts. The
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TABLE 3.3: *.var and *.par’s acronyms

First line’s nomenclature

NPAR Maximum number of parameters
NLINE Maximum number of state
NITR Maximum number of iterations
NXPAR Number of parameters to exclude from the list when fitting

special lines
THRESH Initial Marquardt-Levenberg parameter
ERRTST Maximum [(obs-calc)/error]
FRAC Fractional importance of variance
CAL Scaling for infrared line frequencies

Second line’s nomenclature

CHR Character to modify parameter names file sping.nam. In
this case we use "s", which stands for Watson S set

SPIND If positive means an asymmetric rotor quanta. Indicates the
degeneracy of spins

NVIB Positive, prolate rotor (z = a, y = b, x = c). Number of vi-
bronic states on the first option line, identity of the vibronic
state on all but the first option line

KNMIN,KNMAX Minimum and maximum K values
IXX Binary flags for inclusion of interactions: bit 0 set means no

∆N 6= 0 interactions
IAX Axis for statistical weight (1 = a)
WTPL,WTMN Statistical weights for even and odd state
VSYM If VSYM is negative, signal that the next line is also an op-

tion line. If VSYM is positive or zero, signal that this is the
last option line. In the multiple option line mode, the mag-
nitude of VSYM is ignored

EWT It concerns symmetric rotators; in this case 99 is an out of
scale value arbitrarily assigned by the operator

DIAG It is related to different kinds of energy ordering (in our
case, DIAG = 0 means energy ordering within the Wang
sub-blocks)

XOPT It is related to the phase choice (in our case, XOPT = 8 means
the standard)

Acronyms and relative meanings for the first and second nomencla-
ture line of *.par and *.var files [189].

FIGURE 3.2: A fistful of TA.lin lines.

upper part summarizes the parameters used and a series of other additional param-
eters 41; in the central part there is a list of all the recorded lines disposed in the

41For further information, look at the website https://spec.jpl.nasa.gov/ftp/pub/calpgm/spinv.pdf
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same arrangement of the *.lin file with the estimated frequency on the right of the
corrispective experimental one and, continuing further to the right, the differences
between the two. Finally, at the bottom of the document the normalized matrix, the
new parameters with the relative estimated errors, the average of the differences be-
tween the observed and estimated frequencies and two errors are shown. The latter
ones are the Microwave RMS and the RMS Error, whose forms are reported in the
equation 3.4.

MicrowaveRMS =

s

✓

∑
�

obs� calc
�

Nlines

�2

RMSerror =

s



∑
�

obs� calc
�

· error

Nlines

�2

(3.4)

We mentioned above that information about the molecule is contained in the *.int
file. An example of how its header appeares is reported in figure 3.3, while in table
3.4 one can recognise what the index names refer to and in table 3.5 and 3.6 the
meanings of these latters.

FIGURE 3.3: The header of the TA.int.

TABLE 3.4: *.int organization

* file name
FLAGS TAG QROT FBGN FEND SRT0 STR1 FQLIM TEMP
Value line Dipole constant
...

A summary of the abbreviations of *.int. Second and third lines are
freeform [189].

TABLE 3.5: FLAGS index in the *.int file

FLAGSTYP · 10000 + I1 · 1000 + V2 · 100 + V1 · 10 + SYM

IRFLG If 0 constants are in MHz
OUTFLG 0 for short form *.out
STRFLG 1, 2 to enable *.str output
EGYFLG 0 to enable *.egy energy listing; 2 to enable *.egy derivative listing

Acronyms and their meanings for the FLAGS index in the *.int file
[189].
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TABLE 3.6: *.int acronyms

First line’s nomenclature

TAG Catalog species tag (integer)
QROT Partition function for TEMP
FBGN Beginning integer F quantum (round up)
FEND Ending integer F quantum (round up)
SRT0 Log strength cutoffs
STR1 Log strength cutoffs
FQLIM Frequency limit in GHz
TEMP Temperature for intensity calculation in degrees K (default is 300K)

Dipole constants

IDIP Dipole identifier. The value is given by TYP · 10000 + I1 · 1000 + V2 ·
100+V1 · 10+ SYM. In our case the TYP (dipole typology) and I1 (iso-
topic species) indices will be zero, while the vibrational indices V2 and
V1 will both be 1. SYM identifies the axis along which the identified
dipole moment lies and is equal to 1 for the dipole along the axis a and
2 along the axis b. Basically the indexes are respectively 111 and 112

DIPOLE Dipole value
Acronyms and relative meanings for the second and third line of *.int

files [189].

Having now *.var and *.int files, Spcat can return the corresponding *.cat file to
the user: an example is given with the figure 3.4 while the corresponding informa-
tion contained is arranged as shown in table 3.7.

FIGURE 3.4: The appearance ot the TA.cat file.

TABLE 3.7: Order (and format) of the information contained in the
*.cat file

1stcol. 2ndcol. 3rdcol. 4thcol. 5thcol. 6thcol. 7thcol.

frequency
of the
transac-
tion

estimated
error

intensity
log10
of the
expected
transi-
tion

degrees
of free-
dom

energy of
the lower
state of
the trans-
action

upper
state de-
generacy

tags and
quantum
numbers
of the
level con-
sidered

Meanings of the values for the first line of the TA.cat files [189] of
figure 3.4. Col. stays for column and columns beyond the 7th are

included in the 7thcol.
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Chapter 4

Instrumentation

The experimental data used for the drafting of this work have been collected in the
year 2019, during a period abroad made possible by the Erasmus+ for internship pro-
gram. Specifically, the experiments have been carried out at the Center for Astro-
chemical Studies (CAS) of the Max Planck für extraterrestrische Physik of Garching
(Germany), employing the CASAC frequency modulation spectrometer. The instru-
ment is equipped with a pair of Pyrex tubes with a length of 3 m and a diameter of
5 cm each in which it is possible to study the target molecules that can be produced
through two different ways: one tube is devoted to the study of molecules produced
by pyrolysis while the second one is dedicated to the study of molecules produced
by DC-discharge. Anyway, in this specific case the data collected derive from the use
of the first cell only. The configuration of the overall instrument is for completeness
presented in figure 4.1.

FIGURE 4.1: The header of the TA.int.

Both cells are kept under vacuum with the aid of two pumps arranged in series: once
the rotary pump (Rp in figure 4.1) reaches a pressure of approximately 10 mTorr the
diffusive pump (Dp in figure 4.1) starts to operate by further lowering the pressure
to values close to a few 10�4 Torr units. A series of valves makes it possible to reduce
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the flow or isolate the cells from the pumping system. Additionally, if circumstances
require it, a cold trap (C. T., figure 4.1) can be filled by liquid nitrogen.

The analysis begins when at point S of figure 4.1 the vapors of the precursor
contained in a sample holder enter, sucked by the pressure difference generated by
the pumps, through a T-shape Pyrex pype. The flow that brings them from one to
the other is regulated by a metering valve and at one of the two T-shape Pyrex pype
extremity. Here the first capacitance pressure gauge (Baratron) monitors its pressure
(that usually ranges from 100 mTorr to 1 T). The last end connects with a quartz tube
which, passing through the electric oven (Carbolite ) 42, transports the pyrolysed gas
into the absorption cell. At the entrance of the latter an additional valve allows to
further regulate the flow of the pyrolised gas which is now let to expand in the cell
(1, figure 4.1). An additional check of the pressure is done by the second Baratron
pressure gauge, located at the end of the cell itself; its value at this point generally
ranges from 0.5 mTorr to 10 mTorr.

Regarding the microwave signal, this is generated by the synthesizer (Syn, fig-
ure 4.1, model Keysight E8257D) operating in the centimeter wavelengths (1 to 60
GHz). In order to have achieve an absolute frequency calibration the synthesizer is
connected to an atomic Rubidium standard (Stanford Research Systems) which pro-
vides a frequency of 10 MHz. The frequencies then arrive at the VDI multiplier chain
(Virginia Diodes) which brings them up between 82 and 1100 GHz. The electromag-
netic waves leaving the VDI hit a parabolic mirror allocated on a rail43 and passing
through a high density polyethylene window enter the cell. The electromagnetic
waves leaving the VDI hit a parabolic mirror allocated on a rail, pass through a high
density polyethylene window, enter the cell and emerge from another high den-
sity polyethylene window; then, hitting a second parabolic mirror get focused t a
liquid-He cooled InSb hot electron bolometer (QMC Instr. Ltd.) used as a detec-
tor. Frequency modulation is achieved by modulating the carrier signal with a sine
wave at a rate of 15 kHz, and then demodulating the detector output at 2f using a
digital lock-in amplifier (SRS SR830). In this way, the second derivative of the actual
absorption profile is recorded by the computer controlled acquisition system [190].

421600°C can be reached.
43The rail allows the mirror adjustment parallelly to the beam in order to optimize the signal and

change the configuration of the instrument whether the DC-discharge cell is requested.
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Chapter 5

Analysis of the Spectra and Results

The first to experimentally determine the rotational constants of 2-Propen-1-Imine,
CH2CHCNH, was Robert E. Penn in 1978. Once obtained it through the pyrolysis of
diallylamine, he determined the rotational constants and some other parameters of
this unstable molecule [169]. 2-Propen-1-Imine consists of four rotamers character-
ized as trans or cis with respect to rotation about the central C-C bond by the letters
T and C respectively, and syn or anti with respect to the imino hydrogen position
by the letters S and A, respectively. In view of the fact that trans rotamers of similar
molecules such as butadiene, propenal and glyoxal are much more stable than cis ro-
tamers, it is expected to find a dominance of TS and TA rotamers in the microwave
spectra ([191];[192];[193]). In this regard, taking advantage from a more advanced
instrumentation, the collection of a more precise set of lines of these two aforemen-
tioned conformers will allow to reach an enhanced level of accuracy which translates
into the possibility of obtaining more accurate rotational constants values and cen-
trifugal distortion parameters. This precision increasement will consequently lead
to the generation of a more accurate prediction lines catalog that will then provide
astrophysicists with a reliable tool in the search and detection of the pure rotational
spectra of 2-Propen-1-Imine in the microwave survey of the interstellar medium.

After empirical tests prior to the conducted analysis, it has been seen that mov-
ing from 400°C (Penn) to 900°C in temperature and keeping a pressure of about 150
mTorr (0.2 mbar) in input of the oven and 2-3 mTorr (2.5-4 µbar) in the cell (adjusting
the flow) were the best conditions with which conduct the analyzes. In order to ob-
tain an accurate central transition frequency, the absorption line has been modeled
using proFFit line profile analysis code[194] with the employment of a Voigt pro-
file analysis. Specifically, the search of more precise lines of the 2-Propen-1-Imine’s
conformers has been conducted starting from previous reported lines (Penn, 1978)
and from ab-initio calculation data; their assignment has been then accomplished in
a straightforward way. Starting from low frequencies the .lin file of the conformer
under investigation has been gradually updated with the corresponding registered
lines; at the same time, adopting the Watson S-reduced Hamiltonian for asymmetric-
top molecules ([179], Spfit has been made to run in order to return, through an iter-
ative non-linear least squares fitting procedure, a new set of constants. Costituing
them the model of the whole molecule itself, it has been possible to predict from
scratch the transitions that in the successive experimental analysis would have been
searched and registered into the .lin file. In this regard, successively rising in J, Ka

and Kc values, every new line contribution has made possible to refine the constants:
realizing how the successive observed transitions were differing from the *.cat file
expected ones it has been possible to tackle them with the addition in the *.par file of
distortional parameters that, taking into account the contribution given by the cen-
trifugal distortions, have allowed the calculation to converge reasonably. To see the
errors associated with the individual lines, refer to Appendix A and Appendix B for
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TA and TS, respectively.
Approximately, about 300 lines for TA and 350 for TS have been recorded in the
range that goes from ~85 GHz up to ~350 GHz, reaching a maximum value for the
quantum number J of 71 and 69 for the conformer TA and TS respectively. The
line measured by Penn have also been included in the fit, but with lower statistical
weight to take into account their lower measurement. Specifically, for the data taken
from the literature we assumed an uncertainty of 500 kHz while different statistical
weights (wi= 1/s2

i ) have been adopted for each ith datum to account for the different
measurement precisions. Generally, in our measurements an estimated uncertainty
(si) of 15 kHz is assigned to a-type and b-type lines for both TA and TS.

5.1 TA rotamer

The TA conformer of the planar molecule 2-Propen-1-Imine, figure 5.1, is a near-
prolate (k = �0.980) asymmetric rotor aligned mainly along the a principal axis.

FIGURE 5.1: Trans Anti 2-Propen-1-Imine.

The angle between CNH has a value of circa 111.7°and the NH bond has a lenght
of about 1.014 Å[169]. The rotamer has dipole moments µa = 1.31 D (Debye) and
µb = 1.66D which consequently lead to transitions along the a and b axes; a-type and
b-type transitions are therefore in the spectrum obtained. Entirely, 256 new rotational
transitions have been collected including R (∆J = +1) a-type lines and P (∆J = �1),
Q (∆J = 0) and R b-type lines, with J values ranging from 7 to 71 (lower belonging to
Penn), Ka values from 0 to 19 and energies from 3 to 11.5 cm-1. Quadrupole splitting
due to electric quadrupole coupling of the 14N nucleus (I = 1) has been observed in
quite a large number of transitions (in this case the F number is considered instead
of J). Owing to the hyperfine structure, a total number of 198 line frequencies have
been measured. Not infrequently, due to the merging of a pair of hyperfine compo-
nents during the analysis, rather than the three components that should in principle
have been seen in this case only two lines have been observed. In these cases the
frequency of the transition has been averaged between the two components taking
into account the relative intensities.
The final fits have a weighted root mean square (RMS) deviations of 0.905 MHz and
lead to the determination of the complete set of quartic centrifugal distortion con-
stants, six sextic constants, i.e. HJ , HJK, HKJ , HK, h1 and h3 and a quadrupole constant
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(i.e. (cbb�cc)/4). The resulting parameters are listed in Table 5.144.

5.2 TS rotamer

Likewise TA, the TS conformer of 2-Propen-1-Imine is a near-prolate (k = �0.978)
asymmetric rotor principally aligned along the a principal axis. A rappresentation
of the conformer is reported in figure 5.2.

FIGURE 5.2: Trans Syn 2-Propen-1-Imine.
‘

The CNH angle of the rotamer has a value of circa 115.1°and a lenght of the NH bond
of about 1.003 Å[169]; the dipole moments are µa = 2.39 D (Debye) and µb = 0.77 D
and as the previous compound led to transitions along the a and b axes giving rise
to a-type and b-type transitions. 364 new rotational transitions have been collected,
including R (∆J = +1) a-type lines and P (∆J = �1), Q (∆J = 0) and R b-type lines,
with J values ranging from 7 to 69 (lower belonging to Penn), Ka values from 0 to 20
and energies from 3 to 11.5 cm-1. Also for this rotamer the splitting due to electric
quadrupole coupling of the 14N nucleus (I = 1) has been observed in numerous
transitions (F number is considered instead of J), leading to the collection of 201
frequency lines related to the hiperfine splitting. Also in this case the unresolved
TS HFS (Hyper Fine Structure) transition frequencies have been averaged taking
into account the relative intensities. The final fit returned an RMS deviations of
0.949 MHz and led to the determination of the complete set of quartic centrifugal
distortion constants, six sextic constants, i.e. HJ , HJK, HKJ , HK, h1 and h3, one octic
constant, i.e. LKKJ , and two quadrupole constants, i.e. (caa)3/2 and (cbb�cc)/4. The
resulting parameters are listed in Table 5.1.

44For a comparison of the quadrupole moments among different molecules, refer to the website
http://nqcc.wcbailey.net/TOC.html
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TABLE 5.1: Spectroscopic parameters of the two 2-Propen-1-Imine
conformers.

Constants TA CH2CHCNHa TA CH2CHCNHb TS CH2CHCNHa TS CH2CHCNHb

Rotational constants[MHz]
A0 45773.63422(135)c 45774.02(10) 43755.67054(123) 43759.74(38)
B0 4560.931356(85) 4560.96(1) 4564.540114(72) 4564.70(3)
C0 4148.248499(82) 4148.29(1) 4134.462807(67) 4134.44(4)
Quartic centrifugal distortion constants [kHz]
DJ 0.909800(71) 0.950364(54)
DJK -7.54150(122) -7.58688(97)
DK 296.5592(288) 259.0191(311)
d1 -107.1845(78) -114.8365(96)
d2 –0.00584542(211) -0.00622036(183)
Sextic centrifugal distortion constants [Hz]
HJ 0.0002832(195) 0.0002076(154)
HJK -0.00617(47) -0.00616(33)
HKJ -0.4991(119) -0.20255(191)
HK 2.181(219) 34.738(247)
h1 ⇥ 10�3 0.08064(157) 0.07626(266)
h3 ⇥ 10�3 0.00568(109) 0.00317(38)
Octic centrifugal distortion constants[mHz]
LKKJ 0.8813(298)
N quadrupole coupling constants [MHz]
(caa)3/2 -0.650(96)
(cbb�cc)/4 -1.7430(55) -0.8147(47)
RMS deviation [MHz]

0.905 0.949

The results of this study compared with those of Penn [169]. (a)This
work, (b) Penn’s one. (c) Standard error in parentheses are in units of

the last digit.

Taking into account the uncertenties associated with some of the presented con-
stants further analysis at higher frequencies is in progress to better refine the results
so far obtained. As an example of how this uncertanties can affect the prediction

FIGURE 5.3: Trans Syn 2-Propen-1-Imine rotamer.
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FIGURE 5.4: Trans Anti 2-Propen-1-Imine transition catalog, 300K.

of a line transition of the cat file, in figure 5.3 the same TS rotamer line, namely the
one of "49 9 41 1 49-48 9 40 1 48" transition, is presented over the lines acquisition
process. It is evident that the red line, that refers to the fit made without HFS lines,
is clearly more distant than the other two. With the addition of the b-type lines the
.cat return a forecast (yellow line) clearly shifted towards the region in which, with
the addition of the a-type lines too, the green one gets itself into position. The profile
width has been obtained by setting a frequency of 15 kHz, analogous to the uncer-
tainty adopted in the experimental measurements. The profile of the red line is
clearly distinguishable, while the two deriving from the lines obtained from a larger
data pool, having a distance lower than the maximum experimental resolution, tend

FIGURE 5.5: Trans Syn 2-Propen-1-Imine transition catalog, 300K.
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FIGURE 5.6: Trans Anti 2-Propen-1-Imine R branch detail.

to merge. It should be remembered that the recording of the lines have been carried
out up to a maximum value of 350 GHz and that the final prediction therefore does
not take into account higher quantum numbers and the related centrifugal distor-
tions. For this reason, the analysis conducted for both TA and TS 2-Propen-1-Imine
rotamers are not still considered satisfactory for the creation of an exhaustive catalog
that takes into account the totality of their rotational transitions. In this regard, it is
therefore necessary to go to higher frequency regions so as to be able to further refine
the rotational constants and the distortion parameters, perhaps with the addition of
some other octics and with the insertion of some decadics coefficients. In any case,

FIGURE 5.7: A comparison between Trans Syn 2-Propen-1-Imine tran-
sition catalog and Trans Anti 2-Propen-1-Imine transition catalog at

300 K.
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the transitions obtained from the product catalog with the lines registered for the TA
and TS rotamers are respectively shown in figure 5.4 and 5.5. For all the catalogs
the forecast has been made up to 450 GHz; for what has been aforementioned, a
prediction that takes into account higher frequencies would have been at least mis-
leading. Note how for both, but especially for TA, various branches are visible. In
this regard, in figure 5.6 an R branch taken from a blow-up of the graph in figure 5.4
is reported. Attempts in the direction of identifying the CS and CA rotamers have
also been made but without success. To conclude, the transitions obtained at 300 K
of the CT and TS catalog are combined on the same graph and reported the figure
5.7; it is possible to see how the TA rotamer is much more abundant.
Apart from depending on the numerical value of the square of the transition mo-
ment, intensities depend on the population of the lower state of a transition; the
population NJ of the Jth level relative to N0 can be obtained from the Boltzmann’s
distribution law.

The use of extremely precise instrumentation such as that of the CAS has there-
fore led to the collection of extremely refined lines which, if properly extended to
both higher frequencies and the other two missing rotamers (as previously said) will
allow to obtain the flawlessness required to be able to provide solid and exhaustive
catalogs. In this way, a valuable base will be provided to be able to identify the two
conformers TA and TS of 2-Propene-1-Imine in the interstellar medium, thus adding
another contribution to what is the search for life as we know it outside of our planet.
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Chapter 6

Conclusion

As we have seen in the introduction the steps that come to succeed one another be-
fore to reach the formation of a solar-like system are very long and complex and
do have not to be considered unidirectional, but rather as subdivisions designed to
simplify a very complicated system to deal with as a whole entity. It has been seen
that thickening processes of matter can be triggered from a nebula of gas and dust
in hydrostatic equilibrium, facts that through gravitational attraction lead, starting
from a Pre-stellar core and passing through a Protostellar envelope, a Protoplanetary disk
and a Planetesimal formation, to the Planet formation, the last step of a path through
which the increase in structural complexity is accompanied by a chemical diversi-
fication that fits into the various passages. First of all, it has been seen that water,
an essential factor for the proliferation of life as it is known to us, is said to come
mainly from regions far away from that in which our planet is located and that it
is came here only later [24]; the same comets, ambassadors and carriers of distant
regions, intervened in the chemical enrichment of our atmosphere by bringing the
aforementioned substance. Moreover, various carbonaceous molecules have been
identified: think of methane and ethane, hydrogen sulphide, formaldehyde and ace-
tonitrile, ammonia and methanol, just to name a few. The last two, to which the
water is added, are by the way the most abundant ingredients of the KBOs. Moving
on to meteorites, specifically carbonaceous chondrites, we find even more complex
forms. Here the organic part is even categorized into insoluble and soluble, the for-
mer characterized respectively by the presence of aromatic elements held together
by short aliphatic chains [28], the latter by carboxylic acids, aliphatic and aromatic
hydrocarbons and amino-acids [34]. Without necessarily considering the Murchson
meteorite there are therefore many molecules of prebiotic interest.

But it is through the isotopic abundances that it is possible to trace the temporal
differences that occur in the synthesis of one species rather than another, a fact that
allows us to theorize from where certain objects originate. For example, precisely
due to the abnormalities in the abundances of deuterium in comets, the idea of their
formation [36] and the linearity of temperatures in the Solar Nebula have been ques-
tioned [37], as has also been hypothesized that the Sun, observing this time even
nitrogen and oxygen anomalies, actually born from a large cluster of stars [28]. By
observing objects such as L1544 in the Taurus Molecular Cloud Complex, it is possi-
ble to get an idea of the diversification that is taking place in these systems and how
different species are segregating in these macro objects because of the differences in
the conditions in which molecules, and before these even individual atoms, are in.
For example, in the external area of L1544 the chemistry of the carbon-ion reactions
and the neutral-neutral reactions lead to the formation of N2, CO, NH3 and N2H+,
while in the internal area the lower temperatures and higher pressures cause the
molecules previously in the gas phase to freeze-out onto the surface of dust grains.
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The latter, secondarily affected by cosmic rays and FUV, assume the role of cata-
lyst substrate which in addition to fixing oxygen in H2O also becomes the theater
of the synthesis of complex organic compounds that potentially could results in the
amino acids synthesis [51]. But the whole thing is far from stopping at this: once the
balance of the system has ceased, it will begin to collapse again until reaching tem-
peratures sufficiently high to allow in the densest and consequently warmest point
the triggering of those reactions of nuclear fusion which, with the constraint of the
mass, will lead the star to convert hydrogen into heavier elements 45. The forma-
tion of the envelope will therefore be observed around the star; new conditions, new
chemistry. Here, exceeding 25 K, the sublimation of CH4 leads to the destruction of
carbon radicals with the consequent formation of long carbon chains while, exceed-
ing 100 K, it is accompanied by the release of the compounds imprisoned in the icy
dust mantle giving way to the processes of complex chemistry of hot cores and hot
corinos. Thus methyl formate and dimethyl ether are produced, but also compounds
which incorporate nitrogen and sulfur atoms; molecules such as methanol, ethanol,
formic acid and methyl cyanide have for example been identified in the outflows of
L1157-B1 [99]. This ends with the formation of what is defined as planetary disk,
a phase in which dust grains and simple molecular species in the midplane region
placed from about 1 AU onwards start to coagulate. Just above this plane, but still
shielded from external ionizing radiation by peripheral dusts, more complex species
such as those of aromatic aliphatic hydrocarbons are found. These leading players
in organic and prebiotic chemistry, reacting with other species, will then enrich the
basket of complex organic products [134]. It is in this sense that it is possible to insert
the pieces of the puzzle that come from theoretical models and laboratory tests, and
in this context the observation of molecular species assumes their importance. To
date, molecules with a skeleton made by three carbon and one nitrogen atoms such
as methanimine have been observed in the giant molecular cloud Sgr B2 [158] and
in the center of others [159], in translucent clouds [160] and other galaxies such as
Arp220 [161] and NGC 253 [162]; 3-imino-1,2-propadienylidene has been observed
in TMC 1 [163] and the isomers of ethanimine and ketemine [163] have been still
identified in the molecular Sgr B2 complex [164]. Therefore, possibly among these
same clouds of gas, the three carbon and one nitrogen molecule 2-Propene-1-Imine
could be some day revealed.

Specifically, the latter has been the object on which the work of this thesis fo-
cused, constituting of the spectral lines measurement of 2-Propen-1-Imine (CH2CHCNH)
in the microwave frequency from ~85 GHz to ~350 GHz. The molecule, obtained by
pyrolysis of diallylamine, had been previously investigated by Robert E. Penn in
1978 [169] but in his work the insufficient resolutions made not possible to reached
the detail required to accurately determine the distortion constants; these constants
allow to reliably model the overall rotational spectra of this molecule. Starting from
the results of Penn and from ab initio calculations, the use of the CASAC frequency
modulation spectrometer of the Max Planck für extraterrestrische Physik of Garch-
ing (Germany) has therefore made it possible to achieve the resolution necessary to
obtain up to sextical and octic distortion constants and quadrupole constants. The
transition frequencies of the TA and TS rotamers (trans anti and trans syn, respec-
tively; see chapter 5 for further information) have been in parallel fitted through
an iterative non-linear least squares fitting procedure (software used Spfit, part of
the CALPGM program suite 46) with the use of the Watson S-reduced Hamiltonian

45It must be considered that fusion reactions that produce elements heavier than iron consume en-
ergy rather than produce it [195].

46https://spec.jpl.nasa.gov/ftp/pub/calpgm/calpgm.pdf
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for asymmetric-top molecules [179]. With the use of Spcat (another program of the
CALPGM software suite) the constants obtained by means of the thoroughly rota-
tional analysis carried out in the present work have been then used to produce a
complete catalog of the transitions of the two rotamers.

The importance of this molecule derives from the fact that starting from methy-
lamine (C3NH2) it has been seen that it is possible to arrive, combining a solid phase
reaction with CO2 followed by VUV irradiation, to glycine (NH2CH2COOH), the
simplest amino-acid. Likewise, it has been observed that methanimine (CH2NH)
can be hydrogenated returning methylamine [150]. The same glycine is then also
produced starting from aminoacetonitrile -observed in Sgr B2 [151]-, the latter also
liable to hydrogenation. If we now take into account that in the Strecker synthesis
(see figure 1.12B), considered the main way that lead to ammonia formation in the
Urey-Miller experiment, the reaction between imines and hydrogen cyanide 47the
latter among other things is the same that leads to aminoacetonitrile) leads to the
production of the relative aminonitrile which once hydrolyzed returns the relative
amino-acid even at 20 K [152], the importance of 2-Propene-1-imine becomes clear.
In fact, if this molecule were observed there would not only be further confirmation
in support of the feasibility of the amino-acids synthesis in the interstellar medium,
that as we have seen has already been confirmed, but could brings to much more
complex forms than the simple glycine only. This would in primis lead to demol-
ish the current idea according to which, excluding glycine, the amino-acid synthesis
took place onto the surface of our planet and in secundis inevitably to review, if the
synthesis of more complex amino-acids could take place in the interstellar medium,
the timing of a subsequent biological development in its complexity. If things would
then be this way it would certainly be interesting to see the enantiomeric abundances
repartition, element that could eventually lead to a further discriminant in the selec-
tion of habitable areas, and an entire new research vein could then develop in that
direction.

The subsequent coagulation of the rocky bodies finally leads to the formation of
planets and comets made up of what goes to be incorporated into them. If the first
ones were to be formed by the right molecular pool 48 and the same conditions in
which our own planet found itself, no need to add to what it could lead to. In the
end, it’s just a matter of conditions and times: the state function will tend to a min-
imum. In the meantime, the thermonuclear reactions in the star would lead to the
extinction of hydrogen combustion in the nucleus, which would bring to a further
gravitational collapse of the body causing an increase in temperature such as to trig-
ger the fusion of the hydrogen in the most external layers. Limited to our Sun, since
conditions similar to our Solar system are being surveyed, it will expand over five
billion years to reach beyond the orbit of Mercury; once the hydrogen of the outer
layers will be almost converted into helium, externals regions will follow a further
gravitational collapse. Temperatures will then reach about 108 K [196] and the fusion
of helium will be triggered in the core, leading to the synthesis of carbon and oxy-
gen [197]. Once the second most light element will run out a further contraction will
follow and leading to the triggering of the fusion reactions of helium and hydrogen
in the outermost regions not yet exhausted it will cause another expansion of the
Sun that due to very high temperatures will cause the evaporation of the entire ter-
restrial biosphere. The same atoms that starting thickening in the Prestellar core had
begun the process that had led them to become the support for the development of

47(
48Right with respect to what? It is clear that what we are looking for is what we know. Life as we

know it has developed using carbon, and around its chemistry we identify the conditions for life.
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the biologically complex world such as that of the planet that hosts us, will finally
return where that path had begun, in that equilibrium of gas and dust that gave rise
to our own Solar system born from a third generation star, the Sun, partially consist-
ing of those ashes remained from the explosion of one or more supernovae near the
molecular cloud of the Orion Arm ([198]; [199]) in order to start for the umpteenth
time what appears to be in all respects a complex and elegant cosmic dance.
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Appendix A

TA lines list and relative errors

TABLE A.1: Transitions of TA 2-Propen-1-Imine rotamer.

Quantum number EXP.FREQ. CALC.FREQ. DIFF.

1 0 1 0 1 0 0 0 0 0 8709.07000 8709.17622 -0.10622
2 0 2 0 2 1 0 1 0 1 17415.61000 17415.24675 0.36325
3 0 3 0 3 2 0 2 0 2 26115.22000 26115.10729 0.11271
2 1 2 0 2 1 1 1 0 1 17006.05000 17005.68133 0.36867
2 1 1 0 2 1 1 0 0 1 17831.31000 17831.04019 0.26981
3 1 3 0 3 2 1 2 0 2 25506.68000 25506.55353 0.12647
3 1 2 0 3 2 1 1 0 2 26744.78000 26744.56455 0.21545
6 1 5 0 6 6 1 6 0 6 8664.28000 8664.75270 -0.47270
3 2 1 0 3 2 2 0 0 2 26139.98000 26139.95571 0.02429
3 2 2 0 3 2 2 1 0 2 26127.80000 26127.62281 0.17719
7 1 6 0 7 7 1 7 0 7 11551.33000 11551.42550 -0.09550
8 1 7 0 8 8 1 8 0 8 14848.31000 14848.82464 -0.51464
9 1 8 0 9 9 1 9 0 9 18555.63000 18555.70377 -0.07377
16 2 14 0 16 16 2 15 0 16 8993.62000 8993.73436 -0.11436
6 0 6 0 6 5 1 5 0 5 13736.34000 13736.13260 0.20740
7 0 7 0 7 6 1 6 0 6 23535.14000 23534.87869 0.26131
14 1 13 0 14 13 2 12 0 13 18509.83000 18509.99469 -0.16469
1 1 1 0 1 2 0 2 0 2 23797.65000 23797.17506 0.47494
10 2 9 0 10 11 1 10 0 11 15172.36000 15172.00678 0.35322
9 2 8 0 9 10 1 9 0 10 26052.42000 26051.90894 0.51106
13 2 11 0 13 14 1 14 0 14 28750.13000 28750.77384 -0.64384
14 2 12 0 14 15 1 15 0 15 24630.67000 24630.71528 -0.04528
10 0 10 0 10 9 0 9 0 9 86586.26900 86586.28153 -0.01253
11 0 11 0 11 10 0 10 0 10 95131.06800 95131.07688 -0.00888
12 0 12 0 12 11 0 11 0 11 103646.15500 103646.14567 0.00933
13 0 13 0 13 12 0 12 0 12 112130.55100 112130.55671 -0.00571
14 0 14 0 14 13 0 13 0 13 120584.03400 120584.03721 -0.00321
10 1 10 0 10 9 1 9 0 9 84907.62600 84907.61739 0.00861
10 1 9 0 10 9 1 8 0 9 89022.21000 89022.21190 -0.00190
11 1 11 0 11 10 1 10 0 10 93370.87800 93370.88762 -0.00962
11 1 10 0 11 10 1 9 0 10 97890.79400 97890.78972 0.00428
12 1 12 0 12 11 1 11 0 11 101826.98200 101826.98962 -0.00762
12 1 11 0 12 11 1 10 0 11 106749.00000 106749.01221 -0.01221
13 1 13 0 13 12 1 12 0 12 110275.56700 110275.56954 -0.00254
13 1 12 0 13 12 1 11 0 12 115595.59600 115595.60035 -0.00435

Continued on next page
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Table A.1 – continued from previous page

Quantum number EXP.FREQ. CALC.FREQ. DIFF.

14 1 14 0 14 13 1 13 0 13 118716.34100 118716.34183 -0.00083
14 1 13 0 14 13 1 12 0 13 124429.19300 124429.18978 0.00322
10 2 9 0 10 9 2 8 0 9 87010.88500 87010.88757 -0.00257
10 2 8 0 10 9 2 7 0 9 87512.66500 87512.62366 0.04134
11 2 10 0 11 10 2 9 0 10 95691.40000 95691.40048 -0.00048
11 2 9 0 11 10 2 8 0 10 96356.20100 96356.20565 -0.00465
12 2 10 0 12 11 2 9 0 11 105223.35200 105223.34383 0.00817
12 2 11 0 12 11 2 10 0 11 104366.04600 104366.05779 -0.01179
13 2 12 0 13 12 2 11 0 12 113034.34000 113034.34261 -0.00261
13 2 11 0 13 12 2 10 0 12 114114.38900 114114.39082 -0.00182
14 2 13 0 14 13 2 12 0 13 121695.74000 121695.74498 -0.00498
14 2 12 0 14 13 2 11 0 13 123029.01100 123029.03200 -0.02100
10 3 8 0 10 9 3 7 0 9 87153.26000 87153.25869 0.00131
10 3 7 0 10 9 3 6 0 9 87164.64700 87164.63500 0.01200
11 3 9 0 11 10 3 8 0 10 95879.65600 95879.65817 -0.00217
11 3 8 0 11 10 3 7 0 10 95898.11900 95898.12539 -0.00639
12 3 10 0 12 11 3 9 0 11 104608.53400 104608.53718 -0.00318
12 3 9 0 12 11 3 8 0 11 104637.22200 104637.22518 -0.00318
13 3 11 0 13 12 3 10 0 12 113339.83800 113339.82422 0.01378
14 3 12 0 14 13 3 11 0 13 122073.38500 122073.37972 0.00528
14 3 11 0 14 13 3 10 0 13 122135.72200 122135.72995 -0.00795
10 4 7 0 10 9 4 6 0 9 87129.95800 87129.91705 0.04095
10 4 6 0 10 9 4 5 0 9 87129.95800 87130.01265 -0.05465
11 4 8 0 11 10 4 7 0 10 95850.03000 95849.93864 0.09136
11 4 7 0 11 10 4 6 0 10 95850.03000 95850.12977 -0.09977
10 5 6 0 10 9 5 5 0 9 87118.47000 87118.46970 0.00030
10 5 5 0 10 9 5 4 0 9 87118.47000 87118.47009 -0.00009
11 5 7 0 11 10 5 6 0 10 95834.41600 95834.41805 -0.00205
11 5 6 0 11 10 5 5 0 10 95834.41600 95834.41903 -0.00303
12 5 8 0 12 11 5 7 0 11 104551.52600 104551.53783 -0.01183
12 5 7 0 12 11 5 6 0 11 104551.52600 104551.54006 -0.01406
13 5 9 0 13 12 5 8 0 12 113269.91300 113269.93539 -0.02239
13 5 8 0 13 12 5 7 0 12 113269.91300 113269.94013 -0.02713
14 5 10 0 14 13 5 9 0 13 121989.72200 121989.71706 0.00494
14 5 9 0 14 13 5 8 0 13 121989.72200 121989.72654 -0.00454
10 6 4 0 10 9 6 3 0 9 87113.39600 87113.39583 0.00017
10 6 5 0 10 9 6 4 0 9 87113.39600 87113.39583 0.00017
11 6 5 0 11 10 6 4 0 10 95827.27800 95827.28248 -0.00448
11 6 6 0 11 10 6 5 0 10 95827.27800 95827.28248 -0.00448
12 6 6 0 12 11 6 5 0 11 104541.90100 104541.89648 0.00452
12 6 7 0 12 11 6 6 0 11 104541.90100 104541.89647 0.00453
13 6 8 0 13 12 6 7 0 12 113257.31300 113257.30382 0.00918
13 6 7 0 13 12 6 6 0 12 113257.31300 113257.30384 0.00916
14 6 8 0 14 13 6 7 0 13 121973.57200 121973.57058 0.00142
14 6 9 0 14 13 6 8 0 13 121973.57200 121973.57054 0.00146
13 0 13 1 12 12 1 12 1 11 84472.22600 84472.19420 0.03180
13 0 13 1 14 12 1 12 1 13 84472.22600 84472.26667 -0.04067

Continued on next page
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Table A.1 – continued from previous page

Quantum number EXP.FREQ. CALC.FREQ. DIFF.

13 0 13 1 13 12 1 12 1 12 84473.08300 84473.09128 -0.00828
14 0 14 1 13 13 1 13 1 12 94780.71700 94780.68755 0.02945
14 0 14 1 15 13 1 13 1 14 94780.71700 94780.75026 -0.03326
14 0 14 1 14 13 1 13 1 13 94781.51400 94781.51852 -0.00452
15 0 15 1 14 14 1 14 1 13 105071.41100 105071.39542 0.01558
15 0 15 1 16 14 1 14 1 15 105071.41100 105071.44965 -0.03865
15 0 15 1 15 14 1 14 1 14 105072.14600 105072.15990 -0.01390
16 0 16 1 15 15 1 15 1 14 115323.02900 115323.00435 0.02465
16 0 16 1 17 15 1 15 1 16 115323.02900 115323.05117 -0.02217
16 0 16 1 16 15 1 15 1 15 115323.70100 115323.70266 -0.00166
17 0 17 1 16 16 1 16 1 15 125516.18300 125516.18189 0.00111
17 0 17 1 18 16 1 16 1 17 125516.18300 125516.22223 -0.03923
17 0 17 1 17 16 1 16 1 16 125516.79300 125516.81513 -0.02213
18 1 17 1 17 18 0 18 1 17 86537.32300 86537.26729 0.05571
18 1 17 1 19 18 0 18 1 19 86537.32300 86537.37329 -0.05029
18 1 17 1 18 18 0 18 1 18 86539.27000 86539.27984 -0.00984
19 1 18 1 18 19 0 19 1 18 92458.75800 92458.69869 0.05931
19 1 18 1 20 19 0 19 1 20 92458.75800 92458.80121 -0.04321
19 1 18 1 19 19 0 19 1 19 92460.74000 92460.74740 -0.00740
20 1 19 1 19 20 0 20 1 19 98802.45500 98802.38858 0.06642
20 1 19 1 21 20 0 20 1 21 98802.45500 98802.48762 -0.03262
20 1 19 1 20 20 0 20 1 20 98804.47100 98804.46777 0.00323
21 1 20 1 20 21 0 21 1 20 105559.33500 105559.27437 0.06063
21 1 20 1 22 21 0 21 1 22 105559.33500 105559.36989 -0.03489
21 1 20 1 21 21 0 21 1 21 105561.37500 105561.37767 -0.00267
22 1 21 1 21 22 0 22 1 21 112715.27200 112715.21618 0.05582
22 1 21 1 23 22 0 22 1 23 112715.27200 112715.30882 -0.03682
22 1 21 1 22 22 0 22 1 22 112717.32900 112717.33672 -0.00772
23 1 22 1 22 23 0 23 1 22 120251.31000 120251.25052 0.05948
23 1 22 1 24 23 0 23 1 24 120251.31000 120251.33945 -0.02945
23 1 22 1 23 23 0 23 1 23 120253.38100 120253.38088 0.00012
8 1 8 1 8 7 0 7 1 7 103904.95700 103904.94874 0.00826
8 1 8 1 9 7 0 7 1 8 103906.13500 103906.07020 0.06480
8 1 8 1 7 7 0 7 1 6 103906.13500 103906.20843 -0.07343
9 1 9 1 9 8 0 8 1 8 110928.56800 110928.55105 0.01695
9 1 9 1 10 8 0 8 1 9 110929.71400 110929.64262 0.07138
9 1 9 1 8 8 0 8 1 7 110929.71400 110929.76161 -0.04761
10 1 10 1 10 9 0 9 1 9 117822.92500 117822.92901 -0.00401
10 1 10 1 11 9 0 9 1 10 117824.03000 117823.98495 0.04505
10 1 10 1 9 9 0 9 1 8 117824.03000 117824.08803 -0.05803
11 1 11 1 11 10 0 10 1 10 124607.57500 124607.56615 0.00885
11 1 11 1 12 10 0 10 1 11 124608.63000 124608.58124 0.04876
11 1 11 1 10 10 0 10 1 9 124608.63000 124608.67096 -0.04096
7 2 6 1 7 6 1 5 1 6 180882.97100 180882.98976 -0.01876
7 2 6 1 8 6 1 5 1 7 180884.32000 180884.20334 0.11666
7 2 6 1 6 6 1 5 1 5 180884.32000 180884.40772 -0.08772
20 0 20 0 20 19 0 19 0 19 170726.58600 170726.57638 0.00962
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20 1 19 0 20 19 1 18 0 19 177070.27500 177070.27511 -0.00011
20 1 20 1 20 19 0 19 1 19 184324.32700 184324.35171 -0.02471
20 1 20 1 21 19 0 19 1 20 184324.88800 184324.87769 0.01031
20 1 20 1 19 19 0 19 1 18 184324.88800 184324.90138 -0.01338
20 2 19 0 20 19 2 18 0 19 173492.44200 173492.43683 0.00517
20 2 18 0 20 19 2 17 0 19 176906.49000 176906.46632 0.02368
20 3 18 0 20 19 3 17 0 19 174505.84600 174505.86815 -0.02215
20 6 14 0 20 19 6 13 0 19 174292.90600 174292.92124 -0.01524
20 7 14 0 20 19 7 13 0 19 174265.05100 174265.01152 0.03948
20 8 13 0 20 19 8 12 0 19 174249.12500 174249.13076 -0.00576
20 11 10 0 20 19 11 9 0 19 174235.23000 174235.21622 0.01378
21 0 21 0 21 20 0 20 0 20 179010.63200 179010.62921 0.00279
21 1 20 0 21 20 1 19 0 20 185767.52800 185767.52166 0.00634
21 1 21 0 21 20 1 20 0 20 177573.59600 177573.59513 0.00087
21 2 20 0 21 20 2 19 0 20 182092.39100 182092.39489 -0.00389
21 2 19 0 21 20 2 18 0 20 185921.36900 185921.38710 -0.01810
21 3 19 0 21 20 3 18 0 20 183245.70200 183245.69110 0.01090
21 3 18 0 21 20 3 17 0 20 183709.76400 183709.77197 -0.00797
21 6 15 0 21 20 6 14 0 20 183017.04000 183017.05763 -0.01763
21 7 14 0 21 20 7 13 0 20 182984.32800 182984.32202 0.00598
21 8 14 0 21 20 8 13 0 20 182965.44000 182965.45324 -0.01324
21 10 12 0 21 20 10 11 0 20 182949.34400 182949.32602 0.01798
21 11 11 0 21 20 11 10 0 20 182947.55900 182947.51173 0.04727
21 12 10 0 21 20 12 9 0 20 182948.36900 182948.34919 0.01981
21 13 9 0 21 20 13 8 0 20 182951.23900 182951.23235 0.00665
24 3 21 1 24 24 2 22 1 24 184336.33300 184336.33804 -0.00504
24 3 21 1 25 24 2 22 1 25 184337.04100 184337.01319 0.02781
24 3 21 1 23 24 2 22 1 23 184337.04100 184337.04135 -0.00035
25 3 22 1 25 25 2 23 1 25 181644.39600 181644.38913 0.00687
25 3 22 1 25 25 2 23 1 25 181645.09800 181645.05286 0.04514
25 3 22 1 24 25 2 23 1 24 181645.09800 181645.07943 0.01857
22 0 22 0 22 21 0 21 0 21 187282.14300 187282.13552 0.00748
22 1 22 0 22 21 1 21 0 21 185949.75300 185949.75096 0.00204
22 2 21 0 22 21 2 20 0 21 190681.91300 190681.90093 0.01207
26 0 26 0 26 25 0 25 0 25 220298.32500 220298.33959 -0.01459
26 1 26 0 26 25 1 25 0 25 219382.99100 219382.98185 0.00915
26 1 25 0 26 25 1 24 0 25 228819.58000 228819.56765 0.01235
26 2 25 0 26 25 2 24 0 25 224929.10600 224929.11197 -0.00597
26 2 24 0 26 25 2 23 0 25 230920.39800 230920.38875 0.00925
26 8 19 0 26 25 8 18 0 25 226556.06800 226556.06754 0.00046
26 19 8 0 26 25 19 7 0 25 226553.38300 226553.37364 0.00936
27 0 27 0 27 26 0 26 0 26 228545.69800 228545.70401 -0.00601
27 2 26 0 27 26 2 25 0 26 233461.95300 233461.96805 -0.01505
27 1 26 0 27 26 1 25 0 26 237333.00000 237332.99740 0.00260
27 2 25 0 27 26 2 24 0 26 239882.20900 239882.19424 0.01476
27 8 19 0 27 26 8 18 0 26 235276.18200 235276.17783 0.00417
28 13 15 0 28 27 13 14 0 27 243929.15100 243929.17703 -0.02603
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28 12 16 0 28 27 12 15 0 27 243930.44600 243930.45675 -0.01075
28 14 15 0 28 27 14 14 0 27 243931.13300 243931.16500 -0.03200
28 15 14 0 28 27 15 13 0 27 243935.86800 243935.79329 0.07471
28 11 18 0 28 27 11 17 0 27 243935.86800 243935.93906 -0.07106
28 16 13 0 28 27 16 12 0 27 243942.40800 243942.63050 -0.22250
28 17 12 0 28 27 17 11 0 27 243950.96600 243951.37502 -0.40902
39 2 37 1 38 39 1 38 1 38 181437.93300 181437.90981 0.02319
39 2 37 1 40 39 1 38 1 40 181437.93300 181437.94435 -0.01135
39 2 37 1 39 39 1 38 1 39 181439.28200 181439.29002 -0.00802
47 3 44 1 46 47 2 45 1 46 180959.94900 180959.93858 0.01042
47 3 44 1 48 47 2 45 1 48 180959.94900 180959.95283 -0.00383
47 3 44 1 47 47 2 45 1 47 180960.63400 180960.62174 0.01226
47 8 40 0 47 48 7 41 0 48 198879.02700 198879.00574 0.02126
47 8 39 0 47 48 7 42 0 48 198887.51500 198887.51309 0.00191
48 8 40 0 48 49 7 43 0 49 189852.18000 189852.09175 0.08825
38 4 34 1 38 38 3 35 1 38 253690.88800 253690.91769 -0.02969
38 4 34 1 39 38 3 35 1 39 253691.49100 253691.50480 -0.01380
38 4 34 1 37 38 3 35 1 37 253691.49100 253691.52025 -0.02925
50 3 47 1 49 49 4 46 1 48 265195.88200 265195.88786 -0.00586
50 3 47 1 51 49 4 46 1 50 265195.88200 265195.90618 -0.02418
50 3 47 1 50 49 4 46 1 49 265196.83700 265196.82651 0.01049
30 7 24 0 30 31 6 25 0 31 266997.88400 266997.91777 -0.03377
30 7 23 0 30 31 6 26 0 31 266999.05800 266999.09866 -0.04066
38 2 37 1 37 38 1 38 1 37 278498.84900 278498.84051 0.00849
38 2 37 1 39 38 1 38 1 39 278498.84900 278498.87233 -0.02333
38 2 37 1 38 38 1 38 1 38 278500.09500 278500.08113 0.01387
51 3 48 1 50 50 4 47 1 49 281319.80600 281319.80595 0.00005
51 3 48 1 52 50 4 47 1 51 281319.80600 281319.82372 -0.01772
51 3 48 1 51 50 4 47 1 50 281320.73500 281320.73428 0.00072
42 3 40 1 41 42 2 41 1 41 282262.56000 282262.54671 0.01329
42 3 40 1 43 42 2 41 1 43 282262.56000 282262.56590 -0.00590
42 3 40 1 42 42 2 41 1 42 282263.36900 282263.37163 -0.00263
47 9 38 0 47 48 8 41 0 48 282856.68800 282856.80243 -0.11443
46 9 38 0 46 47 8 39 0 47 291766.80000 291766.71164 0.08836
27 7 21 0 27 28 6 22 0 28 293491.44200 293491.32487 0.11713
71 4 67 1 70 71 3 68 1 70 293647.20300 293647.21744 -0.01444
71 4 67 1 72 71 3 68 1 72 293647.20300 293647.22977 -0.02677
71 4 67 1 71 71 3 68 1 71 293648.12800 293648.10650 0.02150
55 10 45 0 55 56 9 48 0 56 295153.14700 295153.14268 0.00432
39 4 36 0 39 39 3 37 0 39 296866.49100 296866.52696 -0.03596
24 2 23 1 24 23 1 22 1 23 280220.90700 280220.89670 0.01030
24 2 23 1 25 23 1 22 1 24 280221.99200 280221.93709 0.05491
24 2 23 1 23 23 1 22 1 22 280221.99200 280221.98185 0.01015
28 4 24 0 28 28 3 25 0 28 280242.85800 280242.79739 0.06061
19 6 14 0 19 20 5 15 0 20 280850.81200 280850.84161 -0.02961
19 6 13 0 19 20 5 16 0 20 280851.47900 280851.47964 -0.00064
66 11 55 0 66 67 10 58 0 67 280562.80500 280562.81048 -0.00548
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29 7 22 0 29 28 7 21 0 28 252774.23800 252774.26799 -0.02999
31 2 29 0 31 30 2 28 0 30 275521.36000 275521.36678 -0.00678
32 0 32 0 32 31 0 31 0 31 269800.43000 269800.41913 0.01087
32 1 32 0 32 31 1 31 0 31 269356.53300 269356.52176 0.01124
32 2 31 0 32 31 2 30 0 31 275946.21700 275946.21488 0.00212
32 3 30 0 32 31 3 29 0 31 279144.80100 279144.74712 0.05388
32 4 29 0 32 31 4 28 0 31 279573.40800 279573.40061 0.00739
32 4 28 0 32 31 4 27 0 31 279921.65300 279921.64231 0.01069
32 5 28 0 32 31 5 27 0 31 279299.31400 279299.32402 -0.01002
32 7 26 0 32 31 7 25 0 31 278964.58100 278964.56840 0.01260
32 9 23 0 32 31 9 22 0 31 278839.54700 278839.52797 0.01903
33 0 33 0 33 32 0 32 0 32 278057.77300 278057.76424 0.00876
33 1 33 0 33 32 1 32 0 32 277669.46700 277669.46462 0.00238
33 4 29 0 33 32 4 28 0 32 288775.13800 288775.14161 -0.00361
33 7 27 0 33 32 7 26 0 32 287697.33500 287697.32899 0.00601
33 9 25 0 33 32 9 24 0 32 287559.16300 287559.14972 0.01328
33 11 22 0 33 32 11 21 0 32 287502.08800 287502.06919 0.01881
34 0 34 0 34 33 0 33 0 33 286317.41900 286317.40690 0.01210
34 1 34 0 34 33 1 33 0 33 285978.73400 285978.72887 0.00513
34 2 33 0 34 33 2 32 0 33 292856.25800 292856.26032 -0.00232
34 5 29 0 34 33 5 28 0 33 296862.20000 296862.20497 -0.00497
34 11 23 0 34 33 11 22 0 33 296215.65400 296215.63505 0.01895
34 13 21 0 34 33 13 20 0 33 296192.00800 296192.00772 0.00028
34 17 17 0 34 33 17 16 0 33 296202.38200 296202.89712 -0.51512
35 0 35 0 35 34 0 34 0 34 294579.21700 294579.22133 -0.00433
35 1 34 0 35 34 1 33 0 34 304270.40800 304270.39582 0.01218
35 2 34 0 35 34 2 33 0 34 301293.89300 301293.88467 0.00833
36 0 36 0 36 35 0 35 0 35 302843.03200 302843.03465 -0.00265
36 2 35 0 36 35 2 34 0 35 309720.22600 309720.22881 -0.00281
36 3 33 0 36 35 3 32 0 35 318626.60500 318626.62402 -0.01902
37 7 30 0 37 36 7 29 0 36 322642.88800 322642.93002 -0.04202
38 0 38 0 38 37 0 37 0 37 319375.84800 319375.83871 0.00929
38 1 38 0 38 37 1 37 0 37 319184.58100 319184.58282 -0.00182
38 4 34 0 38 37 4 33 0 37 333284.28000 333284.27381 0.00619
38 7 31 0 38 37 7 30 0 37 331383.16600 331383.19123 -0.02523
38 11 28 0 38 37 11 27 0 37 331071.18000 331071.13917 0.04083
38 13 25 0 38 37 13 24 0 37 331031.40600 331031.40495 0.00105
38 17 22 0 38 37 17 21 0 37 331029.16700 331029.69794 -0.53094
39 0 39 0 39 38 0 38 0 38 327644.41700 327644.39471 0.02229
39 2 38 0 39 38 2 37 0 38 334934.69100 334934.69062 0.00038
39 3 37 0 39 38 3 36 0 38 339658.74000 339658.75556 -0.01556
39 9 30 0 39 38 9 29 0 38 339888.82900 339888.82109 0.00791
39 11 28 0 39 38 11 27 0 38 339785.35500 339785.34137 0.01363
39 13 26 0 39 38 13 25 0 38 339740.89800 339740.90580 -0.00780
39 17 22 0 39 38 17 21 0 38 339734.75500 339735.34919 -0.59419
40 0 40 0 40 39 0 39 0 39 335914.10600 335914.09781 0.00819
40 1 40 0 40 39 1 39 0 39 335772.11100 335772.11033 0.00067
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40 2 39 0 40 39 2 38 0 39 343319.18900 343319.19798 -0.00898
40 4 37 0 40 39 4 36 0 39 349734.00300 349733.99526 0.00774
40 7 33 0 40 39 7 32 0 39 348868.58300 348868.69339 -0.11039
40 9 31 0 40 39 9 30 0 39 348612.57500 348612.57733 -0.00233
40 11 30 0 40 39 11 29 0 39 348499.70200 348499.68042 0.02158
40 13 27 0 40 39 13 26 0 39 348450.24200 348450.25901 -0.01701
40 17 24 0 40 39 17 23 0 39 348439.93400 348440.55774 -0.62374
41 0 41 0 41 40 0 40 0 40 344184.74700 344184.74067 0.00633

Registered TA rotamer lines and relative errors between regestered
and calculated frequencies returned by Spfit in the .fit file.
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Appendix B

TS lines list and relative errors

TABLE B.1: Transitions of TS 2-Propen-1-Imine rotamer.

Quantum number EXP.FREQ. CALC.FREQ. DIFF.

1 0 1 0 1 0 0 0 0 0 8699.38000 8698.99912 0.38088
2 0 2 0 2 1 0 1 0 1 17394.41000 17394.45508 -0.04508
2 1 2 0 2 1 1 1 0 1 16968.57000 16967.93214 0.63786
2 1 1 0 2 1 1 0 0 1 17828.46000 17828.07941 0.38059
3 0 3 0 3 2 0 2 0 2 26082.94000 26082.82654 0.11346
3 1 3 0 3 2 1 2 0 2 25449.80000 25449.65674 0.14326
3 1 2 0 3 2 1 1 0 2 26740.40000 26739.84585 0.55415
3 2 2 0 3 2 2 1 0 2 26097.89000 26097.08878 0.80122
3 2 1 0 3 2 2 0 0 2 26111.19000 26111.16717 0.02283
7 0 7 0 7 6 1 6 0 6 25610.92000 25610.75463 0.16537
10 0 10 0 10 9 0 9 0 9 86414.84000 86414.82705 0.01295
11 0 11 0 11 10 0 10 0 10 94927.66100 94927.67164 -0.01064
12 0 12 0 12 11 0 11 0 11 103407.52100 103407.51219 0.00881
13 0 13 0 13 12 0 12 0 12 111853.68700 111853.68076 0.00624
14 0 14 0 14 13 0 13 0 13 120266.33800 120266.33517 0.00283
20 0 20 0 20 19 0 19 0 19 170147.04900 170147.04010 0.00890
21 0 21 0 21 20 0 20 0 20 178390.85400 178390.85021 0.00379
22 0 22 0 22 21 0 21 0 21 186624.24500 186624.23957 0.00543
23 0 23 0 23 22 0 22 0 22 194850.32500 194850.31961 0.00539
24 0 24 0 24 23 0 23 0 23 203071.77000 203071.76187 0.00813
25 0 25 0 25 24 0 24 0 24 211290.75900 211290.76374 -0.00474
26 0 26 0 26 25 0 25 0 25 219509.04900 219509.05482 -0.00582
27 0 27 0 27 26 0 26 0 26 227727.92300 227727.93257 -0.00957
28 0 28 0 28 27 0 27 0 27 235948.30700 235948.31582 -0.00882
29 0 29 0 29 28 0 28 0 28 244170.79300 244170.80624 -0.01324
10 1 9 0 10 9 1 8 0 9 88988.32500 88988.31970 0.00530
10 1 10 0 10 9 1 9 0 9 84702.67700 84702.68536 -0.00836
11 1 11 0 11 10 1 10 0 10 93141.94800 93141.95261 -0.00461
11 1 10 0 11 10 1 9 0 10 97848.50100 97848.50066 0.00034
12 1 12 0 12 11 1 11 0 11 101573.22900 101573.21368 0.01532
12 1 11 0 12 11 1 10 0 11 106696.70400 106696.70888 -0.00488
13 1 13 0 13 12 1 12 0 12 109996.11800 109996.10785 0.01015
13 1 12 0 13 12 1 11 0 12 115531.44800 115531.43485 0.01315
14 1 14 0 14 13 1 13 0 13 118410.36100 118410.35701 0.00399
14 1 13 0 14 13 1 12 0 13 124351.08200 124351.06436 0.01764
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20 1 19 0 20 19 1 18 0 19 176848.41800 176848.41346 0.00454
21 1 21 0 21 20 1 20 0 20 177061.76500 177061.76424 0.00076
22 1 22 0 22 21 1 21 0 21 185406.37900 185406.37672 0.00228
28 1 28 0 28 27 1 27 0 27 235324.86700 235324.88055 -0.01355
27 1 26 0 27 26 1 25 0 26 236763.89100 236763.88933 0.00167
29 1 29 0 29 28 1 28 0 28 243623.59000 243623.58881 0.00119
28 1 27 0 28 27 1 26 0 27 245178.04500 245178.05366 -0.00866
10 2 9 0 10 9 2 8 0 9 86897.95500 86897.94556 0.00944
11 2 10 0 11 10 2 9 0 10 95564.34000 95564.34176 -0.00176
11 2 9 0 11 10 2 8 0 10 96320.31800 96320.31528 0.00272
12 2 11 0 12 11 2 10 0 11 104224.09200 104224.08381 0.00819
12 2 10 0 12 11 2 9 0 11 105197.45300 105197.46217 -0.00917
13 2 12 0 13 12 2 11 0 12 112876.57900 112876.58755 -0.00855
13 2 11 0 13 12 2 10 0 12 114100.62700 114100.61339 0.01361
14 2 13 0 14 13 2 12 0 13 121521.28300 121521.27824 0.00476
20 2 19 0 20 19 2 18 0 19 173195.00500 173195.00840 -0.00340
20 2 18 0 20 19 2 17 0 19 176978.77900 176978.75458 0.02442
21 2 20 0 21 20 2 19 0 20 181770.27300 181770.27937 -0.00637
21 2 19 0 21 20 2 18 0 20 185996.83400 185996.83194 0.00206
27 2 26 0 27 26 2 25 0 26 232965.10100 232965.10141 -0.00041
27 2 25 0 27 26 2 24 0 26 239885.64500 239885.64703 -0.00203
28 2 27 0 28 27 2 26 0 27 241452.66200 241452.65198 0.01002
28 2 26 0 28 27 2 25 0 27 248800.97200 248800.97641 -0.00441
10 3 8 0 10 9 3 7 0 9 87059.76800 87059.75807 0.00993
10 3 7 0 10 9 3 6 0 9 87073.98100 87073.97764 0.00336
11 3 9 0 11 10 3 8 0 10 95778.15400 95778.14978 0.00422
11 3 8 0 11 10 3 7 0 10 95801.23100 95801.22802 0.00298
12 3 10 0 12 11 3 9 0 11 104499.23700 104499.23996 -0.00296
12 3 9 0 12 11 3 8 0 11 104535.10100 104535.08184 0.01916
13 3 10 0 13 12 3 9 0 12 113276.50100 113276.56073 -0.05973
13 3 11 0 13 12 3 10 0 12 113222.89100 113222.90785 -0.01685
14 3 12 0 14 13 3 11 0 13 121948.95000 121948.95032 -0.00032
14 3 11 0 14 13 3 10 0 13 122026.80300 122026.79069 0.01231
20 3 18 0 20 19 3 17 0 19 174333.43200 174333.42740 0.00460
20 3 17 0 20 19 3 16 0 19 174787.89900 174787.89261 0.00639
21 3 19 0 21 20 3 18 0 20 183063.67400 183063.69266 -0.01866
21 3 18 0 21 20 3 17 0 20 183639.01200 183639.00338 0.00862
10 4 7 0 10 9 4 6 0 9 87033.62000 87033.56164 0.05836
10 4 6 0 10 9 4 5 0 9 87033.62000 87033.69257 -0.07257
12 4 9 0 12 11 4 8 0 11 104458.74400 104458.75500 -0.01100
12 4 8 0 12 11 4 7 0 11 104459.19800 104459.24548 -0.04748
13 4 10 0 13 12 4 9 0 12 113174.96300 113174.96680 -0.00380
13 4 9 0 13 12 4 8 0 12 113175.81500 113175.83812 -0.02312
14 4 11 0 14 13 4 10 0 13 121893.84000 121893.82992 0.01008
14 4 10 0 14 13 4 9 0 13 121895.30500 121895.30983 -0.00483
20 4 17 0 20 19 4 16 0 19 174270.86400 174270.86287 0.00113
20 4 16 0 20 19 4 15 0 19 174289.32100 174289.32555 -0.00455
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21 4 18 0 21 20 4 17 0 20 183011.91900 183011.93442 -0.01542
21 4 17 0 21 20 4 16 0 20 183037.94200 183037.92486 0.01714
27 4 24 0 27 26 4 23 0 26 235526.48100 235526.48503 -0.00403
27 4 23 0 27 26 4 22 0 26 235675.16800 235675.16724 0.00076
28 4 25 0 28 27 4 24 0 27 244288.70100 244288.69332 0.00768
28 4 24 0 28 27 4 23 0 27 244479.40200 244479.41490 -0.01290
10 5 6 0 10 9 5 5 0 9 87020.33900 87020.32195 0.01705
10 5 5 0 10 9 5 4 0 9 87020.33900 87020.32253 0.01647
11 5 7 0 11 10 5 6 0 10 95727.11600 95727.11780 -0.00180
11 5 6 0 11 10 5 5 0 10 95727.11600 95727.11927 -0.00327
12 5 8 0 12 11 5 7 0 11 104435.28600 104435.27428 0.01172
12 5 7 0 12 11 5 6 0 11 104435.28600 104435.27762 0.00838
13 5 9 0 13 12 5 8 0 12 113144.90700 113144.91493 -0.00793
13 5 8 0 13 12 5 7 0 12 113144.90700 113144.92204 -0.01504
14 5 10 0 14 13 5 9 0 13 121856.17500 121856.16324 0.01176
14 5 9 0 14 13 5 8 0 13 121856.17500 121856.17745 -0.00245
21 5 17 0 21 20 5 16 0 20 182890.22900 182890.22954 -0.00054
21 5 16 0 21 20 5 15 0 20 182890.79800 182890.82260 -0.02460
22 5 18 0 22 21 5 17 0 21 191618.74500 191618.73677 0.00823
22 5 17 0 22 21 5 16 0 21 191619.63100 191619.64238 -0.01138
27 5 23 0 27 26 5 22 0 26 235303.74000 235303.73223 0.00777
27 5 22 0 27 26 5 21 0 26 235309.50200 235309.50963 -0.00763
28 5 24 0 28 27 5 23 0 27 244049.90300 244049.90692 -0.00392
28 5 23 0 28 27 5 22 0 27 244057.92200 244057.92032 0.00168
11 6 5 0 11 10 6 4 0 10 95718.75200 95718.72923 0.02277
11 6 6 0 11 10 6 5 0 10 95718.75200 95718.72923 0.02277
13 6 7 0 13 12 6 6 0 12 113130.20800 113130.20809 -0.00009
13 6 8 0 13 12 6 7 0 12 113130.20800 113130.20805 -0.00005
14 6 9 0 14 13 6 8 0 13 121837.42300 121837.42170 0.00130
14 6 8 0 14 13 6 7 0 13 121837.42300 121837.42178 0.00122
20 6 15 0 20 19 6 14 0 19 174106.22100 174106.23346 -0.01246
20 6 14 0 20 19 6 13 0 19 174106.22100 174106.23814 -0.01714
21 6 16 0 21 20 6 15 0 20 182822.69500 182822.68415 0.01085
21 6 15 0 21 20 6 14 0 20 182822.69500 182822.69225 0.00275
27 6 22 0 27 26 6 21 0 26 235158.49800 235158.43240 0.06560
27 6 21 0 27 26 6 20 0 26 235158.49800 235158.56648 -0.06848
28 6 23 0 28 27 6 22 0 27 243888.07500 243887.97262 0.10238
28 6 22 0 28 27 6 21 0 27 243888.07500 243888.17337 -0.09837
13 7 6 0 13 12 7 5 0 12 113122.81500 113122.79891 0.01609
13 7 7 0 13 12 7 6 0 12 113122.81500 113122.79891 0.01609
14 7 7 0 14 13 7 6 0 13 121827.73200 121827.72703 0.00497
14 7 8 0 14 13 7 7 0 13 121827.73200 121827.72702 0.00498
20 7 14 0 20 19 7 13 0 19 174073.84300 174073.85158 -0.00858
20 7 13 0 20 19 7 12 0 19 174073.84300 174073.85162 -0.00862
21 7 14 0 21 20 7 13 0 20 182784.76500 182784.76702 -0.00202
21 7 15 0 21 20 7 14 0 20 182784.76500 182784.76695 -0.00195
27 7 21 0 27 26 7 20 0 26 235074.20100 235074.21598 -0.01498
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27 7 20 0 27 26 7 19 0 26 235074.20100 235074.21804 -0.01704
28 7 22 0 28 27 7 21 0 27 243793.58300 243793.59197 -0.00897
28 7 21 0 28 27 7 20 0 27 243793.58300 243793.59530 -0.01230
14 8 6 0 14 13 8 5 0 13 121822.94200 121822.92627 0.01573
14 8 7 0 14 13 8 6 0 13 121822.94200 121822.92627 0.01573
20 8 12 0 20 19 8 11 0 19 174055.13600 174055.12686 0.00914
20 8 13 0 20 19 8 12 0 19 174055.13600 174055.12686 0.00914
21 8 13 0 21 20 8 12 0 20 182762.58400 182762.60073 -0.01673
21 8 14 0 21 20 8 13 0 20 182762.58400 182762.60073 -0.01673
27 8 19 0 27 26 8 18 0 26 235023.05000 235023.05675 -0.00675
27 8 20 0 27 26 8 19 0 26 235023.05000 235023.05673 -0.00673
28 8 20 0 28 27 8 19 0 27 243736.03300 243736.04029 -0.00729
28 8 21 0 28 27 8 20 0 27 243736.03300 243736.04025 -0.00725
20 9 11 0 20 19 9 10 0 19 174044.51300 174044.45443 0.05857
20 9 12 0 20 19 9 11 0 19 174044.51300 174044.45443 0.05857
21 9 12 0 21 20 9 11 0 20 182749.70200 182749.69292 0.00908
21 9 13 0 21 20 9 12 0 20 182749.70200 182749.69292 0.00908
27 9 18 0 27 26 9 17 0 26 234991.08600 234991.08595 0.00005
27 9 19 0 27 26 9 18 0 26 234991.08600 234991.08595 0.00005
28 9 19 0 28 27 9 18 0 27 243699.83300 243699.83795 -0.00495
28 9 20 0 28 27 9 19 0 27 243699.83300 243699.83795 -0.00495
21 10 11 0 21 20 10 10 0 20 182742.70600 182742.70452 0.00148
21 10 12 0 21 20 10 11 0 20 182742.70600 182742.70452 0.00148
23 10 14 0 23 22 10 13 0 22 200151.01200 200151.01297 -0.00097
27 10 17 0 27 26 10 16 0 26 234971.19700 234971.17749 0.01951
27 10 18 0 27 26 10 17 0 26 234971.19700 234971.17749 0.01951
28 10 18 0 28 27 10 17 0 27 243677.01500 243677.02876 -0.01376
28 10 19 0 28 27 10 18 0 27 243677.01500 243677.02876 -0.01376
23 12 12 0 23 22 12 11 0 22 200144.14000 200144.12974 0.01026
22 0 22 0 22 21 1 21 0 21 176324.58500 176324.57113 0.01387
23 0 23 0 23 22 1 22 0 22 185768.53200 185768.51402 0.01798
24 0 24 0 24 23 1 23 0 23 195097.06300 195097.04188 0.02112
25 0 25 0 25 24 1 24 0 24 204315.10900 204315.09842 0.01058
26 0 26 0 26 25 1 25 0 25 213428.96200 213428.96087 0.00113
27 0 27 0 27 26 1 26 0 26 222445.80900 222445.79139 0.01761
28 0 28 0 28 27 1 27 0 27 231373.25700 231373.24988 0.00712
29 0 29 0 29 28 1 28 0 28 240219.19800 240219.17557 0.02243
30 0 30 0 30 29 1 29 0 29 248991.35300 248991.33721 0.01579
21 1 21 0 21 20 0 20 0 20 188690.52700 188690.51865 0.00835
22 1 22 0 22 21 0 21 0 21 195706.04300 195706.04516 -0.00216
23 1 23 0 23 22 0 22 0 22 202825.03000 202825.03960 -0.00960
26 1 26 0 26 25 0 25 0 25 224791.19600 224791.19600 -0.00000
27 1 27 0 27 26 0 26 0 26 232302.99900 232302.99852 0.00048
28 1 28 0 28 27 0 27 0 27 239899.91600 239899.94649 -0.03049
13 0 13 1 12 12 1 12 1 11 86563.80600 86563.77023 0.03577
13 0 13 1 14 12 1 12 1 13 86563.80600 86563.80353 0.00247
13 0 13 1 13 12 1 12 1 12 86564.18400 86564.16829 0.01571
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14 0 14 1 13 13 1 13 1 12 96834.04100 96834.01005 0.03095
14 0 14 1 15 13 1 13 1 14 96834.04100 96834.03867 0.00233
14 0 14 1 14 13 1 13 1 13 96834.37600 96834.37586 0.00014
15 0 15 1 14 14 1 14 1 13 107070.18200 107070.15927 0.02273
15 0 15 1 16 14 1 14 1 15 107070.18200 107070.18384 -0.00184
15 0 15 1 15 14 1 14 1 14 107070.49600 107070.49282 0.00318
16 0 16 1 15 15 1 15 1 14 117250.43000 117250.41402 0.01598
16 0 16 1 17 15 1 15 1 16 117250.43000 117250.43509 -0.00509
16 0 16 1 16 15 1 15 1 15 117250.71200 117250.71573 -0.00373
6 1 6 1 6 5 0 5 1 5 87154.54200 87154.50477 0.03723
6 1 6 1 7 5 0 5 1 6 87155.03900 87155.03595 0.00305
6 1 6 1 5 5 0 5 1 4 87155.03900 87155.11891 -0.07991
7 1 7 1 7 6 0 6 1 6 94425.91500 94425.88913 0.02587
7 1 7 1 8 6 0 6 1 7 94426.41700 94426.41366 0.00334
7 1 7 1 6 6 0 6 1 5 94426.41700 94426.48406 -0.06706
8 1 8 1 8 7 0 7 1 7 101532.50100 101532.49327 0.00773
8 1 8 1 9 7 0 7 1 8 101533.00200 101533.00691 -0.00491
8 1 8 1 7 7 0 7 1 6 101533.00200 101533.06725 -0.06525
9 1 9 1 9 8 0 8 1 8 108491.95900 108491.96499 -0.00599
9 1 9 1 10 8 0 8 1 9 108492.45400 108492.46415 -0.01015
9 1 9 1 8 8 0 8 1 7 108492.45400 108492.51622 -0.06222
12 1 12 1 12 11 0 11 1 11 128696.96700 128696.97519 -0.00819
12 1 12 1 13 11 0 11 1 12 128697.40800 128697.41366 -0.00566
12 1 12 1 11 11 0 11 1 10 128697.40800 128697.44758 -0.03958
19 1 18 1 18 19 0 19 1 18 93434.29700 93434.28239 0.01461
19 1 18 1 20 19 0 19 1 20 93434.29700 93434.33109 -0.03409
19 1 18 1 19 19 0 19 1 19 93435.25700 93435.25538 0.00162
20 1 19 1 19 20 0 20 1 19 100135.67300 100135.65248 0.02052
20 1 19 1 21 20 0 20 1 21 100135.67300 100135.69939 -0.02639
20 1 19 1 20 20 0 20 1 20 100136.64600 100136.63733 0.00867
21 1 20 1 20 21 0 21 1 20 107253.78800 107253.77976 0.00824
21 1 20 1 22 21 0 21 1 22 107253.78800 107253.82502 -0.03702
21 1 20 1 21 21 0 21 1 21 107254.76100 107254.77297 -0.01197
22 1 21 1 21 22 0 22 1 21 114768.11400 114768.09980 0.01420
22 1 21 1 23 22 0 22 1 23 114768.11400 114768.14324 -0.02924
22 1 21 1 22 22 0 22 1 22 114769.10200 114769.09761 0.00439
23 1 22 1 22 23 0 23 1 22 122653.02000 122653.01173 0.00827
23 1 22 1 24 23 0 23 1 24 122653.02000 122653.05339 -0.03339
23 1 22 1 23 23 0 23 1 23 122654.00200 122654.01033 -0.00833
37 2 35 1 36 37 1 36 1 36 170597.38100 170597.37618 0.00482
37 2 35 1 38 37 1 36 1 38 170597.38100 170597.39309 -0.01209
37 2 35 1 37 37 1 36 1 37 170598.06600 170598.01843 0.04757
22 2 21 1 21 22 1 22 1 21 174387.72800 174387.69434 0.03366
22 2 21 1 23 22 1 22 1 23 174387.72800 174387.72284 0.00516
22 2 21 1 22 22 1 22 1 22 174388.32800 174388.34957 -0.02157
23 2 22 1 22 23 1 23 1 22 179529.74800 179529.75918 -0.01118
23 2 22 1 24 23 1 23 1 24 179529.74800 179529.78641 -0.03841
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23 2 22 1 23 23 1 23 1 23 179530.41600 179530.41216 0.00384
24 2 23 1 23 24 1 24 1 23 184881.45100 184881.44467 0.00633
24 2 23 1 25 24 1 24 1 25 184881.45100 184881.47070 -0.01970
24 2 23 1 24 24 1 24 1 24 184882.10900 184882.09497 0.01403
39 2 37 1 38 39 1 38 1 38 188057.47400 188057.45743 0.01657
39 2 37 1 40 39 1 38 1 40 188057.47400 188057.47405 -0.00005
39 2 37 1 39 39 1 38 1 39 188058.12300 188058.12175 0.00125
43 2 41 1 42 43 1 42 1 42 226661.78600 226661.77565 0.01035
43 2 41 1 44 43 1 42 1 44 226661.78600 226661.79086 -0.00486
43 2 41 1 43 43 1 42 1 43 226662.58800 226662.44514 0.14286
32 2 31 1 31 32 1 32 1 31 234447.70000 234447.67833 0.02167
32 2 31 1 33 32 1 32 1 33 234447.70000 234447.69690 0.00310
32 2 31 1 32 32 1 32 1 32 234448.29500 234448.29077 0.00423
44 2 42 1 43 44 1 43 1 43 236829.85300 236829.82331 0.02969
44 2 42 1 45 44 1 43 1 45 236829.85300 236829.83806 0.01494
44 2 42 1 44 44 1 43 1 44 236830.49800 236830.48694 0.01106
33 2 32 1 32 33 1 33 1 32 241369.71400 241369.70330 0.01070
33 2 32 1 34 33 1 33 1 34 241369.71400 241369.72113 -0.00713
33 2 32 1 33 33 1 33 1 33 241370.30300 241370.30909 -0.00609
45 2 43 1 44 45 1 44 1 44 247118.50000 247118.50151 -0.00151
45 2 43 1 46 45 1 44 1 46 247118.50000 247118.51576 -0.01576
45 2 43 1 45 45 1 44 1 45 247119.17200 247119.15692 0.01508
34 2 33 1 33 34 1 34 1 33 248424.36300 248424.34447 0.01853
34 2 33 1 35 34 1 34 1 35 248424.36300 248424.36158 0.00142
34 2 33 1 34 34 1 34 1 34 248424.93900 248424.94326 -0.00426
11 2 9 1 10 10 1 10 1 9 228235.45300 228235.42944 0.02356
11 2 9 1 12 10 1 10 1 11 228235.45300 228235.50994 -0.05694
11 2 9 1 11 10 1 10 1 10 228236.32400 228236.31379 0.01021
12 2 11 1 12 11 1 10 1 11 208509.34800 208509.36516 -0.01716
12 2 11 1 13 11 1 10 1 12 208509.92300 208509.92769 -0.00469
12 2 11 1 11 11 1 10 1 10 208509.92300 208509.97764 -0.05464
13 2 12 1 13 12 1 11 1 12 214689.25600 214689.24587 0.01013
13 2 12 1 14 12 1 11 1 13 214689.79400 214689.80714 -0.01314
13 2 12 1 12 12 1 11 1 11 214689.79400 214689.85283 -0.05883
34 2 32 1 33 33 3 31 1 32 178068.70200 178068.70660 -0.00460
34 2 32 1 35 33 3 31 1 34 178068.70200 178068.72003 -0.01803
34 2 32 1 34 33 3 31 1 33 178069.15500 178069.17310 -0.01810
36 2 34 1 35 35 3 33 1 34 206756.07500 206756.08488 -0.00988
36 2 34 1 37 35 3 33 1 36 206756.07500 206756.09707 -0.02207
36 2 34 1 36 35 3 33 1 35 206756.50600 206756.53188 -0.02588
37 2 35 1 36 36 3 34 1 35 221127.31000 221127.30002 0.00998
37 2 35 1 38 36 3 34 1 37 221127.31000 221127.31157 -0.00157
37 2 35 1 37 36 3 34 1 36 221127.75100 221127.73507 0.01593
38 2 36 1 37 37 3 35 1 36 235481.44000 235481.46037 -0.02037
38 2 36 1 39 37 3 35 1 38 235481.44000 235481.47129 -0.03129
38 2 36 1 38 37 3 35 1 37 235481.86000 235481.88210 -0.02210
39 2 37 1 38 38 3 36 1 37 249791.22000 249791.21346 0.00654
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39 2 37 1 40 38 3 36 1 39 249791.22000 249791.22374 -0.00374
39 2 37 1 39 38 3 36 1 38 249791.61900 249791.62055 -0.00155
40 1 39 1 39 40 0 40 1 39 280690.59800 280690.62969 -0.03169
40 1 39 1 41 40 0 40 1 41 280690.59800 280690.64582 -0.04782
40 1 39 1 40 40 0 40 1 40 280691.31900 280691.29083 0.02817
37 4 34 0 37 37 3 35 1 37 282104.96300 282104.97371 -0.01071
42 9 34 0 42 43 8 35 0 43 293325.72200 293325.72460 -0.00260
58 4 54 0 58 58 3 55 0 58 210316.04600 210316.04089 0.00511
59 4 55 0 59 59 3 56 0 59 214551.63200 214551.62044 0.01156
60 4 56 0 60 60 3 57 0 60 219456.92400 219456.93487 -0.01087
61 4 57 0 61 61 3 58 0 61 225028.40800 225028.41009 -0.00209
62 4 58 0 62 62 3 59 0 62 231257.29400 231257.30951 -0.01551
63 4 59 0 63 63 3 60 0 63 238129.60800 238129.49221 0.11579
55 5 50 0 55 55 4 51 0 55 282919.18400 282919.15338 0.03062
65 5 60 0 65 65 4 61 0 65 246972.98300 246973.01806 -0.03506
67 5 62 0 67 67 4 63 0 67 245063.01500 245063.02004 -0.00504
68 5 63 0 68 68 4 64 0 68 245044.10400 245044.10118 0.00282
69 5 64 0 69 69 4 65 0 69 245687.39300 245687.35704 0.03596
68 11 57 0 68 69 10 60 0 69 220302.55800 220302.55673 0.00127
66 11 56 0 66 67 10 57 0 67 238365.44500 238364.90172 0.54328
22 6 16 0 22 23 5 19 0 23 232491.27700 232491.25950 0.01750
23 6 18 0 23 24 5 19 0 24 223662.03500 223662.05816 -0.02316
23 6 17 0 23 24 5 20 0 24 223667.91600 223667.91304 0.00296
24 6 18 0 24 25 5 21 0 25 214829.29800 214829.26375 0.03425
25 6 20 0 25 26 5 21 0 26 205961.22800 205961.24038 -0.01238
25 6 19 0 25 26 5 22 0 26 205974.19000 205974.18509 0.00491
26 6 21 0 26 27 5 22 0 27 197082.72300 197082.73177 -0.00877
26 6 20 0 26 27 5 23 0 27 197101.54800 197101.54203 0.00597
28 6 23 0 28 29 5 24 0 29 179260.88800 179260.90625 -0.01825
28 6 22 0 28 29 5 25 0 29 179299.03100 179299.04568 -0.01468
29 6 24 0 29 30 5 25 0 30 170313.65700 170313.67270 -0.01570
29 6 23 0 29 30 5 26 0 30 170366.99500 170366.98638 0.00862
29 11 19 0 29 28 11 18 0 28 252367.16500 252367.17799 -0.01299
29 13 17 0 29 28 13 16 0 28 252354.17700 252354.15836 0.01864
29 16 14 0 29 28 16 13 0 28 252363.05300 252363.03888 0.01412
29 17 13 0 29 28 17 12 0 28 252370.95300 252370.94096 0.01204
31 1 31 1 31 30 1 30 1 30 260206.66900 260206.66419 0.00481
31 5 26 0 31 30 5 25 0 30 270328.06000 270328.07864 -0.01864
31 12 20 0 31 30 12 19 0 30 269763.08200 269763.09672 -0.01472
31 13 19 0 31 30 13 18 0 30 269756.67800 269756.62359 0.05441
31 14 18 0 31 30 14 17 0 30 269754.84400 269754.84015 0.00385
31 15 17 0 31 30 15 16 0 30 269756.67800 269756.76153 -0.08353
31 16 16 0 31 30 16 15 0 30 269761.70200 269761.70205 -0.00005
31 17 15 0 31 30 17 14 0 30 269769.16000 269769.17164 -0.01164
32 2 31 0 32 31 2 30 0 31 275272.30300 275272.30362 -0.00062
32 3 29 0 32 31 3 28 0 31 282491.09100 282491.08134 0.00966
32 4 29 0 32 31 4 28 0 31 279353.18000 279353.20203 -0.02203
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32 5 28 0 32 31 5 27 0 31 279067.58100 279067.58122 -0.00022
32 7 26 0 32 31 7 25 0 31 278685.75000 278685.75357 -0.00357
32 8 24 0 32 31 8 23 0 31 278597.47600 278597.48918 -0.01318
32 10 22 0 32 31 10 21 0 31 278504.07600 278504.03829 0.03771
32 12 21 0 32 31 12 20 0 31 278465.65700 278465.66584 -0.00884
32 13 20 0 32 31 13 19 0 31 278457.74400 278457.75852 -0.01452
32 14 19 0 32 31 14 18 0 31 278454.93400 278454.94720 -0.01320
32 15 18 0 32 31 15 17 0 31 278456.14100 278456.14884 -0.00784
32 16 17 0 32 31 16 16 0 31 278460.60800 278460.60956 -0.00156
32 20 13 0 32 31 20 12 0 31 278502.21400 278502.18710 0.02690
33 0 33 0 33 32 0 32 0 32 277086.11200 277086.10658 0.00542
33 1 33 0 33 32 1 32 0 32 276773.15000 276773.14687 0.00313
33 2 32 0 33 32 2 31 0 32 283695.17400 283695.16936 0.00464
33 3 31 0 33 32 3 30 0 32 287430.90400 287430.89791 0.00609
33 4 29 0 33 32 4 28 0 32 288697.22800 288697.22505 0.00295
33 5 28 0 33 32 5 27 0 32 287865.21600 287865.21442 0.00158
33 7 26 0 33 32 7 25 0 32 287412.73200 287412.75027 -0.01827
33 10 24 0 33 32 10 23 0 32 287211.74100 287211.75233 -0.01133
33 18 16 0 33 32 18 15 0 32 287175.41300 287175.39710 0.01590
34 0 34 0 34 33 0 33 0 33 285321.10300 285321.09404 0.00896
34 1 34 0 34 33 1 33 0 33 285051.02300 285051.01779 0.00521
34 6 29 0 34 33 6 28 0 33 296313.97500 296313.96587 0.00913
34 6 28 0 34 33 6 27 0 33 296315.68300 296315.67851 0.00449
35 2 33 0 35 34 2 32 0 34 310396.15500 310396.14198 0.01302
35 7 28 0 35 34 7 27 0 34 304871.77100 304871.80653 -0.03553
35 18 18 0 35 34 18 17 0 34 304570.38800 304570.38269 0.00531
35 12 24 0 35 34 12 23 0 34 304573.65500 304573.66566 -0.01066
36 1 35 0 36 35 1 34 0 35 311369.73500 311369.73920 -0.00420
36 3 34 0 36 35 3 33 0 35 313311.69400 313311.67263 0.02137
36 17 20 0 36 35 17 19 0 35 313258.69300 313258.70092 -0.00792
36 13 24 0 36 35 13 23 0 35 313261.57100 313261.58903 -0.01803
36 12 25 0 36 35 12 24 0 35 313276.43600 313276.43339 0.00261
37 15 23 0 37 36 15 22 0 36 321949.38600 321949.41187 -0.02587
37 16 22 0 37 36 16 21 0 36 321950.52600 321950.52690 -0.00090
37 14 24 0 37 36 14 23 0 36 321952.94900 321952.96724 -0.01824
37 17 21 0 37 36 17 20 0 36 321955.48000 321955.48174 -0.00174
38 0 38 0 38 37 0 37 0 37 318279.76800 318279.77061 -0.00261
38 2 37 0 38 37 2 36 0 37 325630.80300 325630.79476 0.00824
38 4 34 0 38 37 4 33 0 37 333362.52700 333362.51299 0.01401
38 5 33 0 38 37 5 32 0 37 331814.24800 331814.20034 0.04766
38 7 31 0 38 37 7 30 0 37 331073.91700 331073.99838 -0.08138
38 10 28 0 38 37 10 27 0 37 330756.63700 330756.69826 -0.06126
39 1 39 0 39 38 1 38 0 38 326398.01900 326397.99861 0.02039
39 2 38 0 39 38 2 37 0 38 333984.98800 333984.98123 0.00677
39 3 36 0 39 38 3 35 0 38 346145.75700 346145.74681 0.01019
39 4 36 0 39 38 4 35 0 38 340685.19500 340685.18520 0.00980
39 5 35 0 39 38 5 34 0 38 340475.03600 340475.02991 0.00609
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39 7 33 0 39 38 7 32 0 38 339811.79700 339811.67216 0.12484
39 10 30 0 39 38 10 29 0 38 339467.04200 339467.04773 -0.00573
40 0 40 0 40 39 0 39 0 39 334766.95600 334766.95305 0.00295
40 1 40 0 40 39 1 39 0 39 334660.52100 334660.50771 0.01329
40 3 38 0 40 39 3 37 0 39 347631.41400 347631.40887 0.00513
40 4 37 0 40 39 4 36 0 39 349431.75400 349431.74359 0.01041
40 5 36 0 40 39 5 35 0 39 349259.18600 349259.17983 0.00617
40 7 34 0 40 39 7 33 0 39 348551.71500 348551.53846 0.17654
40 10 31 0 40 39 10 30 0 39 348177.85400 348177.87917 -0.02517
41 0 41 0 41 40 0 40 0 40 343011.73000 343011.71374 0.01626

Registered TS rotamer lines and relative errors between regestered
and calculated frequencies returned by Spfit in the .fit file.
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