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Computational development of models and tools for
the kinetic study of astrochemical reactions

PhD candidate: Bernardo Ballotta
Abstract

This PhD thesis focuses on the application and development of computational tools and
methodologies for the modeling of the kinetics of gas-phase reactions of astrophysical
interest in the interstellar medium (ISM). The complexity related to the investigation
of chemical reactivity in space is mostly due to the extreme physical conditions of tem-
perature, pressure and exposure to high-energy radiation, which in turn also lead to
the formation of exotic species, like radicals and ions. Nevertheless, there is still much
to be understood about the formation of molecules, the major issue being the lack of
sufficient laboratory (experimental and computational) studies. A more detailed and
accurate study of all the chemical processes occurring in the ISM will allow us to obtain
the data necessary to simulate the chemical evolution of an interstellar cloud over time
using kinetic models including thousands of reactions that involve hundreds of species.
The collection of the kinetic parameters required for the relevant reactions has led to
the growth of different astrochemical databases, such as KIDA and UMIST. However,
the data gathered in these catalogues are incomplete, and rely extensively on crude es-
timations and extrapolations. These rates are of paramount importance to get a better
comprehension of the relative abundances of the chemical compounds extrapolated by
the astronomers from the spectral data recorded through the radio telescopes and the
in-orbit devices, like the satellites. Accurate state-of-the-art computational approaches
play a fundamental role in analyzing feasible reaction mechanisms and in accurately
predicting the associated kinetics. Such approaches usually rely on chemical intuition
where a by-hand search of the most likely pathways is performed. Unfortunately, this
procedure can lead to overlook significant mechanisms, especially when large molecular
systems are investigated. Increasing the size of a molecule can also increase the number
of its possible conformers which can show a different chemical reactivity with respect
to the same chemical partner. This brings to get very complex chemical reaction net-
works in which hundreds of chemical species are involved and thousands of chemical
reactions can occur. During the last decades, a lot of effort has been done to de-
velop computational techniques able to perform extensive and thorough investigations
of complex reaction mechanisms. Such approaches rely on automated computational
protocols which drastically decrease the risk of making blunders during the search for
significant reaction pathways. Furthermore, the accurate characterization of the po-
tential energy surfaces (PESs) critical points, like reactants, intermediates, transition
states and products involved in the reaction mechanism, is crucial in order to carry out
a reliable kinetic investigation. The kinetic analysis of an erroneous potential energy
surface, would lead to gross errors in the estimation of the rate constants of the chem-
ical species involved in the reaction. In order to avoid such errors, the combination
of high-level electronic structure calculations via composite scheme can be helpful to
get a more precise estimation of the energy barriers involved in the reaction mecha-
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nism. It has been proven that "cheap”[1] composite schemes can achieve subchemical
accuracy without any empirical parameters and with convenient computation times,
making them perfect for the purpose of this thesis. In recent decades, many e orts
have been made to develop theoretical and computational methodologies to perform
accurate numerical simulations of the kinetics of such complex reaction mechanisms in
a wide range of thermodynamic conditions that mimic extreme reaction environments
as for combustion systems, the atmosphere and the ISM. Such methodologies are based
on the ab initio-transition-state-theory-based master equation approach, which allows
the determination of rate coe cients and branching ratios of chemical species involved
in complex chemical reactions. This methodology allows to make accurate predictions
of the relative abundances of the reaction products for complex reactions even under
conditions of temperature and pressure not experimentally accessible, such as those
that characterize the ISM. Based on these premises, this dissertation has been focused
on the application of a computational protocol for the ab initio-based computational
modeling and kinetic investigation of gas-phase reactions which can occur in the ISM.
This protocol is based on the application of validated methodologies for the automated
discovery of complex reaction mechanisms by means of the AutoMeKin[2] program, the
accurate calculation of the energetic of the potential energy surfaces (PESs) through
the jJunChS and junChS-F12a "cheap" composite schemes and the kinetic investigation
using the StarRate computer program speci cally designed to study gas-phase reac-
tions of astrochemical interest in conjunction with the MESS program. Furthermore,
this dissertation has been also focused on the development and implementation of Star-
Rate, a computer program for the accurate calculation of kinetics through a chemical
master equation approach of multi-step chemical reactions. StarRate is an object-based
program written in the so-called F language. It is structured in three main modules,
namely molecules, steps and reactions , which extract the properties needed to cal-
culate the kinetics for the single-step reactions partecipating in the overall reaction.
Another module, in_out , handles program's input and output operations. The main
program, starrate , controls the sequences of the calling of the procedures contained
in each of the three main modules. Through these modular structure, StarRate[3]
can compute canonical and microcanonical rate coe cients taking into account for the
tunneling e ect and the energy-dependent and time-dependent evolution of the species
concentrations involved in the reaction mechanism. Such protocol has been applied to
investigate the formation reaction mechanisms of some complex interstellar polyatomic
molecules, named interstellar complex organic molecules (iCOMs). More speci cally,
the formation of prebiotic ICOMSs in space has raised considerable interest in the scien-
ti c community, because they are considered as precursors of more complex biological
systems involved in the origin of life in the Universe. Debate on the origins of these
biomolecular building blocks has been further stimulated by the discovery of nucle-
obases and amino acids in meteorites and other extraterrestrial sources. However, few
insights on the chemistry which brings to the formation of such compounds is known.
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Introduction

In the past, the idea that the interstellar medium (ISM) was a too hostile environ-
ment to host complex molecules was well established in the scienti c community [4].
However, with technological progress and the construction of ever more accurate de-
tection instruments, such as radio telescopes and satellites, it has been possible to
identify emission and absorption signals traceable to organic molecules and to ex-
trapolate the cosmic abundances of the chemical elements in the ISM with the aid of
spectroscopy[5, 6]. Despite the low relative elementary abundances reported in table 1,
in which the abundance of carbon, oxygen, and nitrogen is lower than that of hydrogen
by factors of 1§ 4 and that of heavier elements is lower by even greater factors[7], the
formation of more complex molecular systems is possible even in the extreme thermo-
dynamic conditions of the ISM.

Element | Relative abundance Element | Relative abundance
H 1.00E0 Si 3.24E-05
He 8.51E-02 P 2.57E-07
Li 1.12E-11 S 1.32E-05
Be 2.40E-11 Cl 3.16E-07
B 5.01E-10 Ar 2.51E-06
C 2.69E-03 K 1.07E-07
N 6.76E-05 Ca 2.19E-06
(@) 4.90E-04 Sc 1.41E-09
F 3.63E-08 Ti 8.91E-08
Ne 8.51E-05 V 8.51E-09
Na 1.74E-06 Cr 4,.37E-07
Mg 3.98E-05 Mn 2.69E-07
Al 2.82E-06 Fe 3.16E-05

Note: this table has been taken from the book Introduction to Astrochemistry
[8] by S. Yamamoto.

Table 1: Cosmic abundance of elements

Over the years, astronomical observations have allowed the identi cation of many
molecular species of di erent kinds in the ISM, from simple diatomics to much more
complex polyatomic molecules, such as fullerenes and polyaromatic compounds. The
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current practice is to call interstellar complex organic molecules (iCOMs) all the species
formed by more than six atoms and including carbon. Currently, more than 200
molecules have been identi ed and collected in the CDMS (The Cologne Database for
Molecular Spectroscopy [9, 10, 11]) and about four new molecules are identi ed each
year as reported by McGuire in the census of the astrochemical molecules [12]. Figure
shows the cumulative number of interstellar molecules detected in the last 50 years
together with the dates of the contributing facilities. It is apparent how the number
of identi cations subsequent to the birth of radio astronomy which took place around
1960 has considerably increased.

Figure 1: Cumulative number of known interstellar molecules over time.

Note: this plot has been taken from the paper [12] by B. McGuire.

The next sections are devoted to:

" a detailed description of the astrophysical context and the thermodynamic condi-
tions in which iCOMs have been identi ed;

a general description of the interstellar chemistry, in particular the two main
environments in which chemical reactions can occurr in the ISM, namely gas-
phase and grain surfaces;

a general description and the main limitations of the experimental techniques
available for the study of such reactions;

a detailed description of the main computational techniques used to study the
reaction mechanisms and the kinetics that lead to the iCOMs formation or de-
struction.
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The Astrophysical Context

The Interstellar Medium and the Star Formation Process

The ISM is the region between the stars that contains large agglomeration of gas and
tiny solid particles, called grains, with a very low typical density of H (or H) of 10-100
cm 2 and a very low temperature of 10-100 K. It is approximately composed for the
99% of interstellar gas, and of its mass, about 75% is in the form of hydrogen, either
molecular or atomic, with the remaining 25% as helium. Only a small amount of this
matter, less than 1%, is composed of heavier elements, like C, N, O, called metals by
astronomers.

The interstellar gas, also called nebulaes, consists partially of neutral atoms and
molecules, as well as charged particles, such as ions and electrons.

These nebulaes are called di use molecular clouds and they are formed from the stellar
ejecta under the in uence of the gravity.

Although the detailed nature of these astrophysical objects is still only partially under-
stood, even for the relatively close ones that belong to our own galaxy, they represent
the starting point of the star formation process (SFP) graphically schematized in gure

[13].

Figure 2: Graphical representation of the SFP.
Inspection of gure 2 shows how the relationship between stars and interstellar matter is
cyclical because, as the clouds evolve, portions of them collapse to form new generations
of stars with considerable portions of non-hydrogen matter in their outer regions. This
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matter eventually nds its way into interstellar space because older stars release much
of their matter either explosively, as in supernovae, or more gently. During SFP, star
cores heat stellar matter by exothermic nuclear fusion reactions that produce elements
more complex than hydrogen. Some chemical reactions and condensation into dust
particles can therefore occur in relatively cold stellar atmospheres, especially as stars
age. The matter emanating from these older stars contains atoms, molecules, and tiny
dust particles composed of silicates or carbon. The harsh radiation eld in interstellar
space rapidly dissociates most of the molecules formed in stellar atmospheres, and the
material leading to new generations of interstellar clouds becomes primarily atomic
and patrticle in nature, although any very large molecules formed in stars can survive
relatively unscathed.

The gravitational collapse of the di use clouds into dense clouds is considered to be
the rst stage of the SFP where temperature and density start to increase. More
chemically important are dense clouds, where the gas density rises td" thn 2 and

the temperature plunges to 10 K, for both gas and dust.

Note that the density of so-called dense clouds is only relatively high; on an absolute
scale it is much lower than the lowest pressure reachable in laboratory. Here the hy-
drogen is overwhelmingly molecular in nature, and many polyatomic molecules can be
detected. During this initial stage of the SFP, the formation of pre-stellar cores which
will give rise to proto-stars occurs. At the very low temperature that characterizes
pre-stellar cores (around 10 K) the atoms and molecules present in the gaseous phase
freeze on the surfaces of the dust grains. During this phase and under these thermo-
dynamic conditions, the hydrogenation reactions of the atoms and molecules frozen
on the surface of the grain take place, which lead to the formation of frozen mantles
mainly composed of water. However, even more complex species, such as iCOMs, have
been detected in the pre-stellar regions. These molecules are supposed to have formed
through gas phase reactions because at the very low temperatures of pre-stellar cores no
gas-grain reaction could occur, only hydrogenation reactions, yet those molecules could
not be released into the gas phase unless through non-thermal desorption processes.
Pre-stellar cores are involved in the SFP schematized by the 4 di erent stages shown
in the Shu diagram shown in gure 2. Each stage has distinct observational character-
istics corresponding to di erent ways in which the radiation is emitted by the source.
The shape of the spectrum is generally called Spectral Energy Distribution (SED).

During the rst phase (Class 0) a central proto-star and disk has formed, within a still
infalling envelope of dust and gas. The temperature can reach 100 K provoking the
sublimation of the grain icy mantles. The dust heated by the stellar radiation produces
an emission spectrum, particularly bright in the infrared wavelength range. In these
objects many iCOMs have been identi ed, however their synthesis is still debated. One
possibility is that as the envelope heats up, atoms and radicals that had previously
formed and frozen on the mantle acquire mobility and react on their surfaces to form
ICOMs. At about 100 K the whole mantle sublimes, injecting the formed iCOMs into
the gaseous phase. The other possibility envisaged by theoretical chemistry studies
considers the formation of simple molecules, like radicals and ions, onto the grain sur-
face formed during the pre-stellar phase and then injected into the gas phase at 100 K
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Figure 3: lllustration of the four classes of proto-stellar systems.

in which they can react to form iCOMs. This objects are also called hot corinos.

The second phase(lass |) is characterized by the fact that the protostar accretes
material through the disk. At the same time, stellar wind (made of radiation and
particles) is escaping along the rotational axis breaking the disk above and below, thus
creating a bi-polar out ow. During this stage, the SED moves towards higher frequency
with respect to the phase | and presents absorption features due to radiation absorbed
by the disk material. Unfortunately very little is known about iCOMs in these regions.

In the third phase (Class 1) the surrounding material has been blown away, leaving
the protoplanetary material disk that will harbor the planet formation. The SED is
peaked at still higher frequencies, being increasingly hotter. In this phase most of the
radiation emitted by the star can escape from the disk.

In the nal fourth phase of star formation (Class 1ll ) the star in the center has be-
come a pre-main sequence star, now ready to burn hydrogen. The gaseous component
of the disk has been now largely dispersed or accreted. A substantial amount of dust
remains forming a debris disk of planetesimals and protoplanets. In this nal stage
of the star formation process the emerging SED is dominated by the radiation of the
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star, though there is still a tail in the IR due to the remaining dust. Unfortunately
also for Class Il and Class Ill few iCOMs have been identi ed, and few informa-
tion have been acquired so farabout their column densities and relative abundances.[14]

So, hot molecular cores and hot corinos are considered the precursors of high-mass and
low-mass young stellar objects (YSOs), respectively.

They are both characterized for being strong emitters of high-energy rotational lines
of rare molecular species at mm and sub-mm wavelengths.

They will determine the chemical richness of star-forming regions in the galaxy, which,
as previously mentioned, are the main tracers of the spiral structure of our galaxy.
Then, it is crucial to detect and study iCOMs in hot cores and hot corinos, which
allows to obtain a better understanding of chemical processes that are taking place on
them and to better comprehend the chemical compositions of the spiral structure of
the galaxy.

For these reasons, it is crucial to increase the number of detections of COMs in high-
and low-mass star forming regions during the latest phases of star formation. The
paradigmatic example is the giant molecular cloud (GMC) Sagittarius B2 (Sgr B2)
located about 120 parsecs from the center of the Milky Way. This GMC is the largest
molecular cloud in the vicinity of the core and one of the largest in the galaxy, spanning
a region about 45 parsecs across. The total mass of Sgr B2 is about 3 million times
the mass of the Sun. The mean hydrogen density within the cloud is 3000 atoms per
cm 3, which is about 20 40 times denser than a typical molecular cloud.

Figure 4: Sgr B2 seen by ATLASGAL, Chile.

Figure 4 shows a colour-composite image of the Galactic Centre and Sgr B2. The
internal structure of this cloud is complex, with varying densities and temperatures.
The cloud is divided into three main cores, designated north (N), middle or main (M)
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and south (S) respectively. Thanks to these characteristics and to the proximity to
the detection systems developed in the last decades, Sgr B2 is one of the most studied
molecular clouds as regards the chemistry that characterizes it. In fact, in recent
decades more than 100 molecular species have been identi ed within its cores.[15]
Various kinds of COMSs, like alcohols, esters and alkyl cyanides, have been detected.
Recent analyses carried out by Brett McGuire showed that a high percentage of the
organic molecules identi ed in the ISM were detected in star-forming regions. Figure
displays the percentage of interstellar molecules that were detected in each source

type.

Figure 5. Percentage of known molecules detected in carbon stars, dark clouds, LOS
clouds, and SFRs.

Note: this plot has been taken from the article [12] by B. McGuire.

These regions of the ISM have aroused considerable interest due to the numerous detec-
tions of ICOMs, considered as precursors of more complex prebiotic molecules involved
in the origin of life in the Universe, e.g., these include amino acids (the building blocks
of proteins), nucleobases (the building blocks of the genetic material), sugars and their
derivatives (which play several roles, from the building blocks of DNA, RNA, and cell
walls, to energy storage), amphiphiles (the building blocks of cell membranes), and
several other families of organic compounds. The investigation of how the synthesis
of iCOMs occurs in the harsh and extremely diversi ed conditions of the ISM is a
pivotal challenge in the astrochemistry research eld. Considerable e orts, both from
an experimental and a computational point of view, have been made to understand
through which chemical processes this category of molecules can be formed given the
extreme conditions of the ISM.[16, 17]

XXXV



Interstellar Chemistry

Because of the granular and gaseous nature of the ISM, the chemical processes that can
occur are generally classi ed as: gas-phase and gas-grain processes. At very low den-
sities, only binary ion-molecule or neutral-neutral gas-phase reactions can occur, they
must be exothermic because of the very low temperatures with nearly-vanishing acti-
vation energies. The stabilization induced by the thermal bath is not possible because
of the very low pressures, so, in the gas-phase the excess kinetic energy provided by
the collision of the reactants has to be released after the formation of the dissociation
products as vibrational energy, or through radiative emission stabilization which imply
photons emission. The situation is di erent for gas-grain reactions, due to the 'third
body stabilization' induced by the surface of the grain. Neutral-neutral reactions are
possible even under these extreme conditions only if highly reactive chemical species
(e.g., radicals) are involved. Three-body reactions only become signi cant at number
densities above 18 cm 2 such as those encountered in the atmospheres of stars and
exoplanets. [18] Radiation-matter interaction can play a central role in the formation
and destruction processes of molecules. Table 2 contains a list of the identi ed possible
processes occurring in the ISM.

To obtain a reliable chemical model for very complex reactive systems such as molec-
ular clouds, it is necessary to determine accurate reaction coe cients characterizing
each individual reaction. So, due to the wide variety of conditions characterizing the
ISM, also a large variety of chemical reactions can take place.[19]

Type of process Example
Gas-grain interactions H+ H+grain! H, + grain
Direct cosmic ray processes H- ! H; +e
Cation-neutral reactions H +H,! H; +H
Anion-neutral C +NO! CN +0O
Radiative associations (ion) C +H,! CHy;+h
Associative detachment C+Hy! CHy+e
Dissociative neutral attachment O+ CH! HCO" +e
Neutral-neutral reactions C+GCH,! CsH+H
Radiative associations (neutral) C+H! CyH,+h
Dissociative recombination NH* +e ! N,+H
Radiative recombination HCO* +e ! H,CO +h
Anion-cation recombination HCO +H ! H,+CO
Electron attachment H+e ! H +h
External Photo-processes eN+h | C,+CN
Internal Photo-processes CO+h! C+0O

Table 2: List of chemical processes which can take place in the
ISM.
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Experimental limitations

The exotic nature of the chemical species involved in the afore mentioned reactions (e.g.,
radicals or ionic species), it is not always possible to perform suitable experiments to
obtain reliable rate coe cients. Moreover experimental conditions are often too far
from simulate the real conditions of the ISM. So, for these reasons, it is often necessary
to rely on theoretical methods to determine accurate rate coe cients. Rate coe cients
are of paramount importance to build chemical models to study the chemical evolution
of the astrophysical objects. These models consist of a large number of rate equations;
that is, ordinary di erential equations (ODES), each of one representing a given process
to build-up or lessen the concentration of a particular chemical species. In time-
dependent models, assumptions must be made concerning the starting conditions: the
temperature, the chemical nature of the molecular species involved, like ionic, molecular
or atomic, and the chemical abundances. Then the ODEs are integrated forward in
time to generate molecular abundances at di erent ages of the cloud. There are at
least two conditions that a successful model must respect: (i) it should include all
those processes that are important in determining the molecular abundances, and (ii)
the values of the rate coe cients included in the model should be accurate.[20] Various
experimental techniques have been developed and employed to study the various types
of reactions listed in table 2. For example, the CRESU (Cinétique de Réaction en
Ecoulement Supersonique Uniforme) and ion trap techniques are used to study neutral-
neutral and neutral-ion reactions at temperatures similar to those of cold cores. These
techniques use mass spectrometry to measure changes in the concentrations of ionic
reactants as well as the ionic products of the reaction. For neutral-neutral reactions,
the CRESU technique with the Laval nozzle variant is often used to measure rate
coe cients below 100 K, up to 13 K, but more generally 25 K.[21] Unfortunately,
however, the pressures that this type of equipment can reach are still too high to
simulate the conditions of the ISM. Dissociative recombination (DR) reactions are
studied using several techniques like the storage ring and afterglow methods which both
show merits and faults for the determination of the rate coe cients. The merged beam
technigues employed at ASTRID (Aarhus, Denmark), TSR (Heidelberg, Germany)
and CRYRING (Stockholm, Sweden) show limitations like the lack of control of the
rotovibrational states of the product ions, which appear to have a di erent distribution
with respect to temperatures relevant in the ISM[22] and the mass selection does not
allow to separate the pairs of isomers and therefore to recognize them as di erent
reaction products. The owing afterglow method are carried out at room temperature
and therefore, as discussed above, have limited validity for the ISM.[23] Furthermore,
it is di cult to determine the branching ratios of a DR reaction, since rarely can all
the product channels be quanti ed. Given the problems associated with experimental
determinations of the branching ratios and rate coe cients of these reactions, a good
alternative is to resort to predictions by high-quality ab initio calculations.

XXXVil



Computational approach

The simplest representation of chemical reactions requires that the most probable prod-
ucts are highlighted for a pair of reactants, without taking into account the reaction
mechanism that leads to their formation as it can often lead to a high level of compli-
cation. The investigation of the energetics of the reactive PESse:, the thermochem-
istry, which contains a lot of information about the reaction mechanisms and all the
reactive paths involved in a chemical reaction, is therefore fundamental to study the
reactivity of the gas-phase reactions.[18] Therefore, accurate state-of-the-art computa-
tional approaches play a fundamental role in analyzing feasible reaction mechanisms.
Such approaches usually rely on chemical intuition where a by-hand search of the more
likely pathways is performed. Unfortunately, this procedure can lead to overlook signi -
cant mechanisms, especially when large molecular systems are investigated. Increasing
the size of a molecule, also increases the number of its possible conformers, each of
which can show a di erent chemical reactivity respect to the same chemical partner.
This leads to very complex chemical reaction networks in which hundreds of chemi-
cal species are involved and thousands of chemical reactions can occur. The kinetic
analysis of an erroneous potential energy surface, describing an incomplete chemical
reaction scheme, would lead to gross errors in the estimation of the rate constants of the
chemical species involved in the reaction. During the last decades, a considerable e ort
has been devoted to the development of computational techniques able to perform ex-
tensive and thorough investigations of complex reaction mechanisms. Such approaches
rely on automated computational protocols, which drastically decrease the risk of mak-
ing blunders during the search for signi cant reaction pathways. While the energetic
characterization is a mandatory step to understand the possible routes open in the
ISM, the de nitive feasibility of the reaction paths under consideration is established
by the rate at which they are expected to occur. The combined computational investi-
gation of the thermochemistry and kinetics to study the chemical reactions relevant for
the ISM and for which no experimental data are available is pivotal in astrochemistry
to determine accurate rate coe cients. The computational protocols applied to carry
out this kind of investigation start from a preliminary investigation of the reactive
PES at relatively low computational level employing density functional theory (DFT)
calculations for the identi cation of the chemical reaction pathways (RP) of interest.
When all the RP have been computed, only those relevant at the ISM conditions are
further computed at a higher level of theory in which improved energetics of each sta-
tionary point is determined. The accurate determination of the energetics is crucial
to obtain reliable energy barriers along the RP which play a central role in the calcu-
lations of the reaction rates. It is of paramount importance to employ computational
methodologies able to provide the chemical accuracy of the order of the kJ/mol in the
determination of the energy barriers. So, it is necessary to rely on post-Hartree-Fock
methods to recover the electron correlation (EC) energy which is essentially de ned as
the di erence between the exact value of the Hamiltonian and its expectation value in
the Hartree-Fock approximation for the state under consideration in the non relativis-
tic approximation.[24] Several procedures have been developed to recover EC in order
to compute accurate thermochemical data.[25, 26, 27] For small molecular systems,
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like those of astrochemical interest, these procedures allow to obtain energetics close
to the full con guration interaction (FCI) complete basis set (CBS) limit.[28] One of
the most successful approaches is the extrapolated ab initio thermochemistry protocol
also called HEAT protocol [29, 30, 31] for which a simpli ed version has been derived
called CBS-CV based on the extrapolation to the CBS limit at the CCSD(T) level
taking into account also for the core-valence corrections. However the evaluation of
the higher-level contributions is still the rate-determining step of these methods and so
for larger system more approximate composite methods are used to the desired chemi-
cal accuracy.[32, 33, 34, 35] For these reasons an e ective, accurate and parameter-free
composite scheme named junChS-F12, based on the explicitly-correlated F12 methods,
has been applied in this dissertation.[1] It relies on cost-e ective reference geometries
obtained using the revDSD-PBEP86-D3(BJ) functional in combination with a triple-
zeta basis set. Also a slightly modi ed version of this scheme has been developed for
the computation of accurate reaction rates with special reference to astrochemical and
atmospheric reactions.[36] It must be emphasized that most of the reactive systems an-
alyzed in this dissertation involve open-shell radical reagents and closed-shell neutral
molecules. From this interaction an open-shell reactive PES is obtained which may
require an investigation through multireference methods. However it has been demon-
strated that the composite schemes applied in this dissertation, in the abscence of a
strong multireference contribution, outperform the most well-known model chemistries.
After that thermochemistry has been accurately characterized, kinetic calculations
are carried out to provide conclusive information on the feasibility of the suggested
mechanisms as well as rate constants and the branching ratios of the products. The
accurate computation of formation rates for these species at reduced computational
cost is crucial in order to use them within global kinetic schemes. Di erent tools are
available to compute accurate rate constants, like quantum dynamics calculations,[37]
Multi-Con guration Time-Dependent Hartree (MCTDH),[38] Ring Polymer Molecu-

lar Dynamics (RPMD),[39] and Quasi-Classical Trajectory calculations(QCT).[40, 41]
All these methods can give very accurate rate coe cients for small size systems com-
posed typically by 3-4 atoms for quantum dynamics and 8-10 for MCTDH, RPDM and
QCT. Unfortunately they require the knowledge of the whole PES which involves high
computational time. Due to the system size and time limitations another powerful
chemical kinetics tools is exploited: the transition state theory (TST). The transition
state concept was rst proposed in 1935 by Eyring [42] and Evans and Polanyi [43]
and relies on the idea that there exists a transition state (TS) or activated complex
that separates the reactants from the products. The main idea behind TST is that the
reactants will move in the con gurational space under the appropriate laws of motion,
but the reaction will take place only if the system reaches the TS geometry. In fact,
this con guration is characterized by a maximum along the reaction coordinate, but

it is a minimum along all the other motions orthogonal to it, and therefore it is a
rst order saddle point along the multidimensional PES. There are two types of pos-
sible transition states: tight and loose. Tight TSs rules reactions with non-negligible
barriers. Furthermore, if a saddle point exists but is too low in energy (e.g., below
the downhill direction reactants), the dynamical bottleneck might be a tight transition
state around the saddle point, or a loose transition state leading to a well between
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the reactants and the saddle point. A loose transition state is made up of fragments
that rotate freely or nearly freely in more than one dimension with regard to one an-
other. It should be noticed that the existence of torsions, which are one-dimensional
internal rotations, is not enough to make a transition state loose. A typical example
is provided by bond ssion reactions without intrinsic barrier (i.e., when the potential
energy is monotonically uphill or monotonically downhill in the reverse association),
which exhibit typical loose transition states. It should be clear that for loose transition
states the conventional TST methodologies cannot be applied, since it is not possible
to identify a TS structure. A variety of di erent models to overcome this limitation
have been proposed, like the Phase Space Theory (PST). [44, 45] One of the advantage
of TST is its applicability also to larger systems because it does not require the entire
characterization of the PES, but only of some properties of few critical points. More
speci cally the equilibrium geometries, electronic energies, harmonic (or anharmonic)
frequencies and zero-point energies. The accuracy of the rate constant depends on the
accuracy of the electronic structure calculations and the sophistication of the TST. To
apply the TST the reaction must be elementary, i.e. no reaction intermediates must
be present in order to describe the chemical reaction. Anyway, the majority of chemi-
cal reactions imply intermediates because of their multi-step nature. So, they can be
considered as networks of interconnected elementary steps contributing to the global
kinetics. The TST model also has some limitations regarding its accuracy. Indeed,
it has been demonstrated that the reactive uxes obtained through TST are overesti-
mated compared to the real ones obtained classically[46] This is due to the fact that
in the TST framework the non re-crossing assumption is not valid. To overcome this
problem and reduce the re-crossing phenomenon, the variational transition state theory
(VTST) approach can be applied. In this case the transition state is no longer identi-
ed by the dividing surface which intersects a rst order saddle point, but its position

is variationally optimized to minimize the reaction rate. This minimizes the e ects of
re-crossing and gives a much more accurate result.[47] In addition, the thermal distri-
bution of the reactants can play a key role in the quality of the kinetics calculation. In
fact, for highly energized molecules involved in fast chemical reactions, the collisional
stabilization process with the surrounding environment for the thermalization result
to be lower than the reactive ones. Also the assumption that the Born-Oppenheimer
approximation is valid for the entire dynamics process excludes all the possible spin
forbidden reactions, while the classic treatment of nuclei dynamics leaves out all those
reactions characterized by quantum e ects, such as tunneling and non classical re ec-
tion. Lastly, TST, as it has been sketched here, does not take into account any pressure
dependence of the rate coe cient. However, it has been demonstrated that for many
gas-phase reactions, especially those involving small molecules, the rate coe cient can
show a strong dependence on pressure. Finally, in order to describe the global kinetics
of multistep reactions (taking into account also the pressure dependence) the Master
Equation (ME) approach came out as one of the most e ective models and it will be
used and discussed throughout this thesis.
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Aim and strategy

The aim of this dissertation is to develop a computational protocol for the accurate
characterization of gas-phase reactive chemical systems of astrochemical interest. It is
based on three main pillars: (i) an in-depth exploration of the several possible reac-
tion pathways through an automated search carried out by means the AutoMeKin[2]
program; (ii) the accurate characterization of their reactive potential energy surfaces
applying composite schemes for energy re nement, and (iii) the kinetics calculation
using the StarRate[3] program speci cally designed to study astrochemical reactions.
As for the rst step, the goal is to be able to probe as completely as possible all the
reaction paths involved in the reaction mechanism so as not to neglect reaction steps
that could signi cantly in uence the kinetics of the reaction. As regards the second
step, the accurate energy re nement of the PES is performed through the application
of reliable composite schemes which require reasonable computational times. For the
last step, the calculation of reliable rate constants is carried out through the so called
ab initio-transition-state-theory-based master equation approach (AITSTME). It is ab
initio since it takes as input molecular properties calculated from rst principles. These
information are thus used in conjunction with TST coupled with a master equation
approach in order to obtain rate constants and branching ratios of the species involved
in the reaction mechanism. Hereafter the objectives of this thesis are de ned and a
related strategy to pursue them is sketched. In the introduction of each chapter the
proper objectives will be recalled.

A

De ne a robust methodology to discover all the possible chemical reaction path-
ways for gas-phase reactions characterized by an initial barrierless association step
in which the reactants are radical or ionic species.

Use a validated methodology to compute accurate activation energies of the gas-
phase reaction mechanisms.

Develop a program to compute reliable rate constants based on the ab initio-
transition-state-theory-based master equation approach and speci cally designed
to study astrochemical reactions.

Apply the computational strategy to paradigmatic test case reactions in order to
disclose their thermochemistry and kinetics, thus getting insights on their role in
the astrophysical contexts.
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Thesis outline

In this doctoral thesis, the development of a computer program for the calculation
of rate constants and branching ratios for reactions of astrochemical interest will be
presented. A general and robust strategy to successfully carry out the computational
modeling of the PES and to calculate accurate rate constants for challenging gas-phase
reactions will be also proposed. This thesis is structured as follows.

A

Chapter 1: de nitions and discussions of theoretical methodologies employed in
this dissertation are given.

Chapter 2: the development and the theoretical framework of the StarRate pro-
gram is discussed, also several test case reactions are presented to show all the
features implemented in it.

Chapter 3: the paradigmatic case of the possible gas-phase formation and iso-
merization reaction of cyanoacetaldehyde a prebiotic molecule of astrochemical
interest not yet detected in the ISM is presented to show how radiative emission

can favour the association reaction between two radical fragments at very low

pressures.

Chapter 4. an alternative gas-phase formation reaction of cyanoketene, a prebiotic
molecules of astrocheimcal interest not yet detected in the ISM, is presented to
show how automated methods for the discovery of new reaction mechanisms can
bring to new insights never considered before.

Chapter 5: the reaction between vinylalcohol conformers and the radical hydroxyl
is investigated to understand if it can be considered as a plausible reaction pathway
for the formation of (Z)1,2-Ethendiol.

Chapter 6: the reaction between two molecules relatively abundant in the ISM,
the vinylalcohol and radical cyanide, is investigated in detail to understand the
similar reactivity shown by the two conformers:syn and anti vinylalcohol.

Chapter 7: the conclusions are presented, together with possible future improve-
ments to the models and computational methods developed in the thesis.
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Chapter 1

Theoretical and Computational
Background

This Chapter introduces the methodology applied for the automated computation of
reaction mechanisms together with the theoretical foundations of electronic structure
and kinetic methods. In the next sections a concise description of the computational
approaches used in this dissertation will be given. Hereafter, a description of the
AutoMeKin software used to perform unsupervised searches of reaction mechanisms is
presented. Some basics of the wavefunction theory and density functional theory (DFT)
with an introduction to the composite scheme are presented. A deeper description of
the chemical kinetics theories used to study unimolecular and bimolecular reactions like
the transition state theory (TST) and the Rice-Ramsperger-Kassel-Marcus (RRKM)
theory is given. Capture theory (CT) will be discussed to study barrierless bimolec-
ular reactions along with master equation (ME) approach to solve chemical reactions
involving multiple, interconnected potential wells. Models to compute the tunneling
e ect will be described, like the Eckart model, the Zero Curvature Tunneling (ZCT)
model and the Small Curvature Tunneling (SCT) model. Taking into account the low
pressures characterizing the interstellar medium, the radiative stabilization process will
be addressed also taking into account its overall impact on iCOMs formation rates.



1.1 Reaction Mechanism Discovery with AutoMeKin

The complexity related to the investigation of chemical reactivity in space is mostly
due to the extreme physical conditions of temperature, pressure and exposure to high-
energy radiation leading to the formation of exotic species, like radicals and ions.
Accurate state-of-the-art computational approaches play a fundamental role in analyz-
ing feasible reaction mechanisms and into accurately predicting the associated kinetics.
Such approaches usually rely on chemical intuition where a by-hand search of the more
likely pathways is performed. Unfortunately, this procedure can lead to overlook signif-
icant mechanisms, especially when large molecular systems are investigated. Increasing
the size of a molecule can also increase the number of its possible conformers which
can show a di erent chemical reactivity with respect to the same chemical partner.
This generates very complex chemical reaction networks in which hundreds of chem-
ical species are involved and thousands of chemical reactions can occur. The kinetic
analysis of an erroneous potential energy surface, describing an incomplete chemical
reaction scheme, would lead to gross errors in the estimation of the rate constants of
the chemical species involved in the reaction. During the last decades, a lot of ef-
fort have been done to develop computational techniques able to perform extensive
and thorough investigations of complex reaction mechanisms. Such approaches rely
on automated computational protocols which drastically decrease the risk of making
blunders during the search for signi cant reaction pathways. This section will provide

a detailed description of the AutoMekin program, an acronym for Automated Mech-
anisms and Kinetics, with particular attention to the implemented methods and its
framework for the automated discovery of reaction mechanisms.

1.1.1 Method

AutoMeKin[2] is an updated version of tsscds2018 [48], a program for the automated
discovery of reaction mechanisms. The three main pillars on which it is based are:

" Short-time reactive molecular dynamics simulations
" Post-processing analysis of the MD simulations
~ Kinetics simulations

The program is based on the Transition State Search using Chemical Dynamics Simula-
tions (TSSCDS) [49, 50] algorithm which exploits high-energy molecular dynamics sim-
ulations (MD) of molecules to trigger reactive events. MD simulations are run using the
semiempirical methods implemented in the quantum chemistry program MOPAC2016
[51]. Subsequently, the algorithm can select and optimize those structures along the
trajectories obtained through MD simulations that most closely resemble the transi-
tion state (TS) of a bond-breaking/bond-forming process. These structures are rst
optimized at the semiempirical level of theory, also called low-level (LL). Next, the
structures of the most promising candidates are re-optimized by more re ned wave-
function or DFT methods (the so-called high-level, HL) employing the Gaussian16
package [52]. Once the TSs are optimized, a reaction network can be constructed by
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computing the intrinsic reaction coordinates [53] (IRCs) which connect TSs with min-
ima. After that, kinetic Monte Carlo [54] simulations can be run to compute relative
abundances as a function of time, energy or temperature. Let us now analyze in some
detail how the TSSCDS algorithm works in terms of the six main steps composing the
overall approach:

" Stepl: Optimization and frequency calculation of an initial structure
at LL
The structure of a molecular system is optimized and frequency analysis is car-
ried out using semiempirical methods like PM6 and PM7 [55] performed with
MOPAC2016.

Step 2: Preparation of the ensemble of molecules for the MD simula-

tions

The vibrational normal modes computed in the previous step are used to prepare
a microcanonical ensemble of excited molecules. To do that the microcanonical
normal mode sampling (NMS) [56] is used. This sampling technique creates an
initial ensemble of T trajectories at the selected excitation energy. This energy
should be su ciently high so that the molecular system can experience several
reactive processes within the simulation time. Alternatively, a canonical ensemble
of excited molecules can be spawned, which avoids the computation of vibrational
frequencies.

Step 3: Chemical dynamics simulations

The simulations are performed using a modi ed version of MOPAC2016. Since the
molecular system is highly vibrationally excited, the dynamics is accelerated so
only few hundreds of femtoseconds are needed to induce fragmentation or isomer-
ization processes. To run MD with MOPAC the following keywords are needed:

method velocity drc cycles = ncycles t-priority = 1

where the method is the selected LL, which can be PM6, PM7 or any of the
methods implemented in MOPAC,velocity is the initial velocity vector obtained
in the second step,drc requests for a dynamic reaction coordinate calculation
at constant energy that stops afterncycles steps and the cartesian coordinates
and momenta are recorded every fs becauseriority=1 . The time step for the
integration of the trajectories is 0.5 fs.

Step 4: Reaction pathway search algorithm through BBFS
An algorithm is speci cally designed in this work to nd reaction pathways that
involves bond breakage/formation. The algorithm is thus called bond breakage/-
formation search (BBFS). It is based on the construction of the connectivity vector
C:
C' =(Cyp Chariiiy C(IN HN) (1.1)

whereN is the number of atoms composing the molecular system. The element

« Pprovides information about the connectivity between the atomf and k of the
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molecular system at thei" step along the trajectory. The connectivity vector is
de ned through two additional vectors: d' and d"f , which are, respectively, the
interatomic distances at stepi, and the reference distances between each pair of
atoms obtained by the sum of the covalent radii of the atoms. The initial connec-
tivity vector C'=° for i = 0 is de ned from d'=° and d"®' as:

- 1if <1 . g _ di=®
i=0 — jk i=0 — ik
G 0 otherwise with e (1.2)

where the dimensionless parametesz0 is called normalized distance which pro-
vides a measure for the initial elongation of the interatomic distance between
atomsj and k. The eIementst‘k:0 are binary numbers, with values of one or
zero for the pairjk indicating the existence or the abscence of a bond between
both atoms. The way the connectivity vector is updated for any step along the
trajectory is described below. OnceéC has been set, a list of neighbors of each
atom j are de ned as those atoms n for whicl€;, =1. In a similar way, a list of
non-neighbors of, or outer atoms, can be de ned, which includes those atoms for
which Cj,=0. Here and after, the indicesn and o are reserved respectively to the
neighbors and outer atoms of a given atom

Identi cation of reaction pathways
The criteria adopted for identifying reaction pathways and updating the con-
nectivity vector are the following:

* a reaction pathway takes place when, during a time interval t shorter
than 20 fs, this condition is satis ed:

max( ¢ Vi) >min ( ¢ Yio) (1.3)
When Eq. is ful lled for the rst time, the transition step is termed
and denoted as*. When only one {;n;0) combination of atoms satis es
Eqg. within t, the process is called a single reaction pathway.

* The three elements of the connectivity vectoC  (with = jn;jo ,and
no) will be updated according to the following condition:

iz 1if " <1

2420 —

= ~ 0 otherwise (1.4)
with h being any step within t. The condition of Eq. means that,

if the bond reaches an inner turning point within t at a distance
shorter than d® , atoms and are regarded as connected at the end of
the time window (stepi“+20).

* |f several (; n; 0) combinations ful Il the inequality given in Eq. within
the same t, the corresponding separate processes are merged and re-
garded as a single process, which is called a multiple reaction pathway.
These processes may occur consecutively, or because of a complex rear-
rengement with usually more than three atoms involved. Some examples
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are given below to illustrate the di erence between single and multiple re-
action pathways more clearly. In summary, the BFFS algorithm provides
the following data for each trajectory:

- The number R of reactive pathways
- For each reaction pathway, the corresponding transition ste3.
- the atoms involved in each reaction pathway.

Selection of TS guess structures

The key point of the BBFS algorithm is to accurately obtain the transition
stepi?; a process that has been explained above. Onééas been determined,

a number of structures are selected for each reaction pathway to increase the
probability of TS optimization.

Avoiding multiple guess structures of the same TS in the same tra-

jectory

To avoid selecting multiple guess structures of the same TS in the same trajec-
tory, the two local minima connected in a given RP are labeled with di erent
codes as explained below. Each local minimum on the PES is represented
in this work in terms of a connectivity vector C. The elements ofC can be
regarded as a binary number that can be converted into a decimal number.
Both binary and decimal numbers are good labels for the minima; we use here
decimal rather than binary codes. Then, assuming that, within an individual
trajectory, two minima will be connected by the same TS, the vectors (A,B)
and (B,A) denote, respectively, the direct and reverse processes that proceed
through the same TS. Therefore, if a (A,B) process is found by BBFS, addi-
tional (A,B) processes or the corresponding reverse (B,A) processes are not
taken into account anymore. Furthermore, two di erent minima may be con-
nected by more than one TS. For these reasons, and to avoid missing di erent
TSs connecting the same minima this procedure was only applied within a
single trajectory.

" Step 5: Partial and TS optimizations of the set of structures selected
along each reactive pathway
The structures selected in the previous step considered as good TS candidates are
rstly partially optimized using MOPAC2016 freezing the atoms involved in the
reaction pathway. After that, the structures are fully optimized with MOPAC
using the eigenvector following method. When a TS is successfully optimized,
geometries, energies and vibrational frequencies are recorded and added to a TS
list. In order to avoid repetitions and undesired TSs, a screening of the list is
performed to remove duplicates comparing energies, geometries and frequencies,
and also those TS involving secondary process, likely those where the molecule
has already fragmented but another reactive process is taking place between the
fragments.

" Step 6: TS optimization on the HL-PES
The LL optimzed TSs obtained in the previous step are reoptimized using a HL



electronic structure method. AutoMeKin supports Gaussianl6 to run HL calcu-
lations, but also other programs can be used. A owchart of the TSSCDS method
used in AutoMeKin is depicted in Figure 1.1. Shell and Python scripts and fortran
programs have been developed to automate all the aforementioned steps.

Figure 1.1: Scheme showing the main steps of the TSSCDS method.

1.1.2 Software structure

The program structure is based on two scripts to search for the reaction paths and to
solve the kinetics at the LL and HL, which ardlcalcs.sh and hicalcs.sh, respectively.
Both scripts are composed of di erent modules/programs written in the Bash shell
scripting, Python3 and Fortran 90 to perform specic tasks. As shown in Fig ,
where a owchart of licalcs.sh is depicted, the script has several components. It starts
executing tsscds_parallel.sh  which submits a number of parallel and independent
accelerated dynamics simulations using MOPAC2016. Then a given number of cycles
or iterations (niter) of the loop shown on the left will be carried out.

After tsscds_parallel.sh  has completed to run MD simulations,irc.sh screens the
obtained structures to remove possible redundancies. After completion of the screen-
ing, IRC calculations are carried out in both forward and backward directions.

The last points of each IRC are the initial guesses of subsequent optimizations carried
out by min.sh , a procedure whereby each TS is connected to the corresponding mini-
mum energy structures. Thus, a reaction network is built, and each structure is labeled
as either an intermediate, or a product. The construction of the reaction network and
labeling of the di erent structures is performed by therxn_network.sh  script.

As shown in Figure 1.2,rxn_network.sh  closes the loop, and its output is fed into
tsscds_parallel.sh . In particular, the newly generated minima are needed biss-
cds_parallel.sh because the ensembles of trajectories are initialized not only from
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the starting structure but also from the new minima. When a maximum number of it-
erations is reached, the kinetics is solved usikgnc.sh , which performs Kinetic Monte
Carlo (KMC) simulations.

Figure 1.2: Flowchart ofllcalcs.sh script.

Finally, nal.sh collects all relevant mechanistic and kinetics information obtained
throughout the calculations. As already mentioned, the reaction network and kinetic
results can be also be obtained using ab initio/DFT level of theory with G16. The
high-level tasks are performed witthlcalcs.sh , which is the counter part oflicalcs.sh
described previously. Low-level TSs optimized structures are now the initial guesses
for the high-level optimization. In addition, the product fragments are now optimized
to construct more accurate potential energy diagrams.

Therefore, the structure ofhlcalcs.sh is somehow di erent from that of llcalcs.sh .
Speci cally, the di erent tasks carried out by each component otlcalcs.sh are 1)
high-level optimization of the TSs obtained at low-levelTS.sh); 2) high-level IRC cal-
culations from the TSs optimized in the previous steplRC.sh ); 3) high-level optimiza-
tion of the corresponding intermediates NIIN.sh ); 4) construction of the high-level
network (RXN_NETWORK.sh ); 5) kinetics simulations on the high-level network
(KMC.sh ); 6) high-level optimization of the products PRODs.sh ) and 7) gathering
of the important mechanistic and kinetics results EFINAL.sh ).

1.1.3 Reaction network visualization through AMK tools

The identi cation of the astrochemical relevant reaction paths is aided by a graphic tool
speci cally designed for the visualization and analysis of the reaction networks gener-
ated through AutoMeKin, i.e. amk-tools.[57] The Python library amk-tools is a useful



package to parse and process the reaction networks obtained through AutoMeKin. Af-
ter the reaction scheme is created by AutoMeKin, it is possible to graphically display
the result of both the LL and the HL simulation.

Figure 1.3: Flowchart ofhlcalcs.sh script.

The standard procedure envisages initially the visualization of the reaction network
obtained at a low level and then selects the structures which fall in within a user-
de ned energy range. Clearly we must take into account the inaccuracy that the PM6
and PM7 methods show in calculating the energy of the critical points. The best
course of action is therefore to search for the reaction pathways of interest and select
an energy range at least 30 kJ/mol higher than the highest energy critical point of the
reaction pathway to be re-optimized. In this way the reoptimization of the reaction
scheme will take into account only the structures within that energy range and not all
the others. This will save the calculation time of the entire PES calculated at a low
level. Thanks to amk-tools it is possible to visualize not only the energy pro les of
the single reaction paths selected by the user through special ags from the command
line, but also to visualize the 3D molecular structures of the critical points of the PES
and of the normal vibrational modes of each of them. In Figure an example of
chemical reaction network built by amk-tools is shown. To make easier for the reader
to understand the quality of the graphic, a reduced portion of a more complex reaction
mechanism generated by AutoMeKin has been considered.



Figure 1.4: Example of chemical reaction network constructed by amk-tools. The nodes
represent the minima and the products of the reaction mechanism, while the lines that
connect the various nodes are the transition states for passing from one minimum to
another.

1.1.4 Application in the astrochemical context

Given the large amount of mechanistic information obtainable through AutoMekin for
gas phase reactions and beyond, its application to systems of astrochemical interest
in which very exotic molecular species are involved, such as radicals and ions, is of
great utility. One of the fundamental conditions for which these reactions can occur
in the extreme conditions of the ISM is that there is no activation barrier. Usually, in
fact, the initial fragments react in an uncontrolled way favoring the highly exothermic
formation of association products, from which the reaction can then continue through
numerous isomerization steps towards dissociation products. The strategy adopted
with AutoMeKin was to start from the optimized structure of the low energy initial
association product for computing all possible reaction paths with and without barrier
to obtain all possible reactants that can lead to the formation of molecules of interest.
In this way it is possible to obtain a long list of possible initial reactants and possible
formation mechanisms of identi ed and not yet identi ed molecules in the interstellar
medium thanks to the methodology implemented in AutoMeKin.



1.2 The molecular Hamiltonian

To understand the microscopic behavior of the molecules that make up macroscopic
matter, it is necessary to rely on the fundamental theory of physics, quantum me-
chanics. Chemical reactions can be thought of as collisions between molecules that are
actually quantum mechanical objects. During the reactions the electronic structure of
the involved molecules undergoes changes that can only be understood through the use
of quantum mechanics. The starting point is the Schrodinger equation

Hj (r;t)i = i~@@1[( rit)i; (1.5)
where ~ = 21 with h Planck's constant, H the Hamiltonian operator andj i the
wave function which fully describes a state of the system. Eq. describes the time
evolution of a N particles system, with coordinatesr = frig;i = 1;:::;N. The

wave function itself has no physical meaning, but( r;t)j? is the probability density
of nding each particle at a given point and at a given time. H is the Hamiltonian
operator de ned as the sum of the kinetic energ{f and potential energy¥:

H="1T+Y; (1.6)
in the case of anN particles, H becomes:

X 2 X qq

I4 = —r 2 4 —_—, (17)
i, 2m ! =1 i 4% oJri 1)
with m; being the mass of the-th particle and r ? being the Laplacian operator acting
on the coordinates of thei-th particle, and the second term of Eq. includes the
sum of two-particle Coulomb's interactions. As it can be observed, Eg. IS not

explicitly dependent on time. For this reason, the wave function can be factorized as
JOxp)i = (i) x(fxjg)i, wherej (t)i = Aexp( IEt). From this factorization
is possible to obtain the time-independent (non-relativistic) Schrodinger equation:

Hj ( fxig)i = Ej ( fxi0)i; (1.8)

from which the energy can be obtained as the expectation value idfas

E=h jHj i (1.9)

Two di erent kind of particles compose the chemical systems: electrons and nuclei.
For a system with n electrons andN nuclei, the kinetic energy contributions can
be separated into the electronic and the nuclear termsf, and T,,. Dierent term
contribute to the potential energy: electron-electron, nucleus-nucleus and electron-

nucleus potential energy terms Vee; Vnn; Ven -

The Y., term couples electrons and nuclei, making the system not separable into
electron-dependent and nuclei-dependent wave functions.
Thus, the molecular Hamiltonian is:
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where Z are the atomic numbers and and R are the electronic and nuclear coor-
dinates, respectively. The non-separability of the wave function into electronic and
nuclear parts limits the applicability of Eq. , mainly to very simple systems, like
atoms composed by nuclei and one electron, but molecules are more complex systems
composed by several electrons To study this kind of systems it is necessary to introduce
additional approximations.

1.2.1 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation, a special case of the so-called adiabatic ap-
proximation, is crucial in quantum chemistry. It is based on the fact that nuclei are
much heavier than electrons (about 1800 times more) and therefore they move more
slowly.

In this way, nuclear kinetic energy can be neglected and the internuclear repulsive
interaction term can be considered as a constant. So, given all these assumptions, the
electronic Hamiltonian for anN electron system can be de ned as

X1 XX 7 X'
|_/relec = ér |2 r_k + r_,
i=1 i=1 k=1 K i<j 1]
wherery = jri Ryj andrj = jri r;j. The consequence of this approximation is
that electronic and nuclear dynamics are separable.
R can be considered as a parameter inside the electronic wave function, as can be seen

by the following equation

(1.11)

|qelecj (r;R)i = Eeecj (r;R)i (1.12)

Assuming to be able to solve Eg. for each nuclear con guratidriR g, the total
molecular wave functionj ( r; R)i can be expanded on the basis ¢f 4(r; R)i
X
j(rR)i = a(R)j qo(r;iR)i (1.13)
q
Inserting EQ. into Eq. and projecting onto the 4 basis set (integrating only
on electronic coordinates), we can evaluate how the di erent terms ¢f act on the
q(R) andj q(r;R)i. In particular the kinetic energy operator of nuclei K ﬁr 2
is not diagonal on thej 4(r;R)i basis. The Born-Oppenheimer approximation now
consists in neglecting the o diagonal terms of this operator and therefore decoupling
the electronic dynamics from the nuclear one. In general, this assumption is an ex-
tremely mild one, and it is entirely justi ed in most cases. It is worthwhile emphasizing
that this approximation has very profound consequences from a conceptual point of
view: without the Born-Oppenheimer approximation, for example, we would lack the
concept of molecular structure and potential energy surface.
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1.2.2 Variational principle

In quantum chemistry one of the most important principles (on which many computa-
tional methods are based on) is the variational principle. It states that, given a normal-
ized trial wave functionj i, forwhichh j i =1, the expectation value of the Hamil-
tonian is always an upper bound of the actual ground state energy, BojHj i Eq.
When|j i is identical to the ground state wave functionj oi, h ojHj oi = Eo. The
challenge is to nd a good trial wave function. One possibility to build up a wave func-
tion for a multi-electron system would be the product of single electron wave functions
of non interacting single electron spin-orbitalg (x)i = j( r)ij! ( )i, where the spin
function j! ( )i can assume two valueg, i orj i. In this way, however, Pauli's prin-
ciple would not be respectedj:e:, or cannot guarantee that a multi-electronic wave
function must be anti symmetric with respect to the exchange of two electrons. A
better choice is provided by the so called Slater determinant:

1(X1)  2(Xy) N (X1)
o 1 1(X2)  2(X2) n(X2) L
sp (X1, X250 XN) = Pﬁ . : : =) 12500 N
1(Xn)  2(Xn) N (Xn)
(1.14)

If it satis es anti symmetry requirements, and consequently the Pauli principle, since
changes sign upon exchange of two electrons.

1.2.3 Hartree-Fock method

Starting from the Slater determinant, it is possible to derive the Hartree-Fock method
(HF), also called self-consistent eld method, for the determination of the wave function
and the gnergy of qugntum many-body systems. To do that, we must compute the

quantity  spjHj sp , thatis
%Iec %Iec '\Necc

VAN + h; + Ji  Kj (1.15)
i=0 =0 j>i
whereh; collects tiﬁ: one-electron germs and; Kj two-electrons ones. These terms
are de ned ashi = i fe + ‘Oen i ;Jij = i rij 1 i and Kij = i rij L ii-

The two latter terms come fromVse acting on the wave function, where;; is the dis-
tance between the -th and j-th electrons. HereJ; is the Coulomb integral and rep-
resents the electrostatic interaction between two charge densitigsj? andj j? while
Kj , called the exchange integral, arises from the anti symmetric nature of the Slater
determinant. Both J; and Kj; are positive, and therefore ifi = j their contribution
vanishes, preventing any spurious self-interaction e ect, which would come frod .
The core of the Hartree-Fock theory is the application of the variational method to
this independent particle model. By proceeding in this wayj; and Kj; integrals can
be expressed as single-electron operators, de ned by the spin-orbitals themselves:
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Z
K ()= (x) %dﬂ (1.17)

In other words, it turns out that Hartree-Fock theory is a mean- eld theory,i:e:, each
electron feels the averaged e ect of the other electrons by means of these one-electron
operators. Collecting these two terms plu$;, one obtains the Fock operator which
may be de ned for a given spin direction , either up or down ( , ), as:
" #
Fij.i= i+ S° oK, ="l (1.18)
i 0
where"; are the energies associated with thieth spin-orbital with spin . These are
the unrestricted HF (UHF) equations, in which each electron is allowed to occupy a
di erent spatial orbital thanks to the separation related to the electron's spin. Neverth-
less the two sets of orbitals are still coupled by the Coulomb's term. For a closed-shell
molecule,i:e:, same number of spin and electrons, the previous equation becomes
" #
X
Fid= h+ J K jii="jii (1.19)
]
in which each spin-orbital is lled by two electrons, one spin up and one spin down.
This give rise to the restricted HF (RHF) theory. One could also take a midway by
forcing doubly occupied orbitals to behave as RHF and the remaining ones as UHF,
which leads to the restricted open-shell (ROHF) method. The total RHF and ROHF

wavefunctions are also eigenfunctions of the total squared spin operaf®, while the
UHF ones are not.

1.2.4 Electron correlation

A consequence of the mean- eld approximation is that each electron feels only the
averaged e ect of the other ones, so the energy value obtained is far from giving the
exact solution because an appropriate evaluation of the electronic correlation (EC) is
missing.

The EC correction is generally de ned as the di erence between the exact energy and
the HF energy:

Ecor = Eexact  EnF- (1.20)

EC can be classi ed as Coulomb's and Fermi's correlation, for interactions between
electrons with parallel or antiparallel spins, respectively. In the RHF framework, a
given spin orbital can only be populated by two electrons with antiparallel spins, due
to Pauli's principle. Thus, Coulomb correlation is possible between electrons both in
the same space orbital and in di erent ones. On the other hand, Fermi correlation
can only occur between electrons in di erent orbitals, which makes it smaller than
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the previous one. EC can also be classi ed as static or dynamic. The dynamic EC
takes into account the instantaneous correlation of electrons while the static one is
associated with quasi-degenerate states (spin orbitals of similar energy). Dynamic EC
is more important for electrons in the same orbital, while static EC is more important
between electrons in di erent orbitals. So, in this context, UHF can recover more static
correlation than RHF.

1.2.5 Mgller-Plesset perturbation theory

The Mgller-Plesset (MP) perturbation theory is one method that could be used to
recover electronic correlation. This method treats correlation as a minor perturbation
HOto the reference HF Hamiltoniani @ which allows one to construct a perturbed
Hamiltonian.

H=HKo+ Hge (1.21)

where is ) dimensionless real parameter that controls the size of the perturbation
and H@® = A,
The perturbed Schrodinger equation to solve is then

HO+ KB j i=Ej i (1.22)
Since the eigenvalues and eigenfunctions of Eq. are continuous functions, of
can be expanded in series:
b
E()= “E™; (1.23)
k=0
S
()= ko (1.24)
k=0

where each term of the expansion is an order of the correction, and the terms of the
wavefunction are orthogonal between them.

Substituting Eq. and Eqg. into Eq. one obtains:
HO + Ko © 4 W+ 2 @ 4.-- =
(1.25)
E(O) + E 1) + 2E(2) ©) + 1) + 2 2 +

Then, collecting the terms by orders of :

HO © g0 ©
HO O 140 © —EO @ E® ©
HO @ 1 H¥° @ O @ +E® O @ ©

and so on.
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Mgller-Plesset methods are labeled as MPwhere n is the order of the correction
where the expansion is truncated. In the MP formalism to compute the successive
corrections it is possible to use the knowledge of the previous ones. The usual ones
are MA3, MP3 and MR4. It can be shown that then-th correction to the energy is

EMm= © B}o (1  Sjnce MP methods are not variational the energy is not an
upper bound to the exact one.

1.2.6 Coupled cluster theory

Coupled cluster (CC) theory is nowadays widely recognized by the quantum chem-
Istry community as being one of the most powerful and most accurate microscopic
formulations of the quantum many-electron problem, even if it was originally formu-
lated for the quantum-chemical treatment of nuclear matter. After its introduction
into electronic structure theory, it became one of the most powerful schemes for high-
accuracy computations. CC theory is based on the use of an exponential ansatz for
the wavefunction

j cci =exp(T)j wei (1.26)

whereT is the so called cluster operator, which is an excitation operator and consists
of the weighted sum of all excitations,

f: fl'i' fz"‘ :::-ﬁN

fl + T\z + ::: denote the weighted sums of single, double, etc., excitations with the
unknown parameters given by the weighting coe cients that are usually referred to
as amplitudes. The exponential ansatz in Eq. ensures size-consistency and size-
extensivity of the electron-correlation treatment even within a truncated scheme that
does not include all excitations. CC theory, therefore, is, by construction, a size exten-
sive approach. Size consistency of a method means that the energy of two molecules
separated by an in nite distance is the same as the sum of the energies individually cal-
culated for each moleculei;e:, Epg = Eao + Eg forr I'1 . Instead, size extensivity
means that correlation energy scales correctly (linearly) with the size of the system.
CC theory demonstrates its advantages only when used with a truncated cluster
operator. The usual choices ard = T; + T, (CC singles and doubles (CCSD)),

T = 1, + T, + T5 (CC singles, doubles, triples (CCSDT)), andf = T, + T, + T3+ T,

(CC singles, doubles, triples, quadrupoles (CCSDTQ)), etc. CC higher than CCSD
are computationally very expensive. The third order excitations can be added pertur-
bationally giving rise to the CCSD(T) method, often referred as the "gold standard"

in quantum chemistry.

(1.27)

clec

1.2.7 Explicitly correlated methods

The main issues related to the electron correlation methods are the slow basis set
convergence so that very large basis sets are often required to obtain converged results.
This basis set problem arises because the expansion in products of limited 1-electron
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functions does not describe well the shape of the wave function at small to intermediate
values of interelectron distance;,, since it does not satisfy the electronic wave function
cusp condition:

@
@[2 r12=0

This problem can be avoided by including terms in the wave function that depend
explicitly on ry, and thus can describe the cusp properly. Early implementations used
a linear Ry, correlation factor, and a number of so-calle®,,-methods were developed.
An alternative is the Slater-type functionF,, exp( r 12) which yields much better
basis set convergence and numerical stability. The methods which employ this kind
of function are called the F12 methods. Both MP2-F12 and CCSD(T)-F12 methods
have a large number of ansatz and approximations available.[58, 59, 60] For the MP2-
F12, the so-called diagonal xed amplitudes approximation (FIX) is the recommended
one because it guarantees size consistency and orbital invariance making the use of
localized orbitals no longer necessary. The error introduced by this approximation
depends on the system and the property calculated but is in general rather small.
For CCSD-F12 two main approximations exist, namely F12a and F12b. The CCSD-
F12a approximation tends to overestimate the correlation energy, while CCSD-F12b is
systematically below the basis set limit. For what concern the perturbative treatment
of the triples correction, the explicit correlation has not been implemented yet. Usually
a trick is employed to speed-up the convergence in the (T) energy contribution with
respect to the basis set size. For example in the Molpro[61, 62, 63] package the ratio
of the MP2-F12 and MP2 correlation energies is used to estimate a scaling factor for
the perturbative triples correction, as follows

=2 (12=0) (1.28)

Elt\:ﬂOFl;rZ F12 (1 29)
ESY |

This is based on the assumption that explicit correlation a ects the energy of the triples

in the same way as the MP2 correlation contribution.

Ex)= Em

1.2.8 Density functional theory

In the previous sections, a description of the wave function methods to compute elec-
tronic energy and to take into account the EC has been provided. Here below the
derivation of the Density Functional Theory (DFT) is sketched. DFT is based on the
electron density (r), which depends on three spatial variables. It can be derived from
a wave function

z Z

(=N 0 odxadxoiiixny (XgpiinxXn) (X iiiiXn) (1.30)
(r) is non-negative, it vanishes at in nity and gives the total number of electrons N

when integrated over the real-space coordinaté®
z

(r)dr =N (1.32)
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The cusps of the density are the positions of nuclei, and their heights de ne the nuclear
charges.

The energy of a molecular system can be expressed as a functional(oj as a sum of
various terms

E[]=Vaun + Ee[ 1= Wun + Ven[ 1+ Je[ 1+ T[]+ Exc[ ], (1.32)

where Vyn is the nucleus-nucleus interaction andee[ ] is the electronic energy as a
functional of the electron density.
Ee[ ] is the sum of the electron-nucleus interactioVy, electron-electron interaction
Je, T[ ] is the electronic kinetic energy and of the exchange-correlation tery.[ ].
However, it can be shown that the system can be completely de ned by the electron
density in its ground state. The Hamiltonian is completely determined by the number
of electrons and the potentialVey, usually called "external” potential. The relation
between and the energy of the system was demonstrated in the rst Honenberg
and Kohn theorem, which ensures the existence of a universal energy functional of
the electronic density. In their second theorem they proved that the energy can be
obtained by means of the variational principle, starting with a trial density,~ so that
E[d E[ ].[64] Although E[ ] is proved to exist and to be universal, it is unknown.
This is due to the fact that T[ ] and J¢[ ] functionals cannot be explicitly written in
terms of (r). To overcome this problem, Kohn and Sham ingeniously considered a
ctitious system, of non-interacting electrons moving within an "external” potential
(Ven)[65], which can be exactly described by a Slater determinant made up by auxiliary
Kohn-Sham (KS) spin-orbitals. It requires a constraint, that the electron density
derived from these auxiliary functions IZS the same as the one of the DFT
X
ks (1) = i i)i*d = (r) (1.33)
|

Next, the di erence in kinetic energy between the real and the ctitiougTg[ ]) system
Is added to the exchange-correlation term to give

Exe[ 1= Ex[ 1+ T[] T[] (1.34)

Now, only E,[ ] is unknown. To make the realization of DFT possible, several func-
tionals, which led to the rise of several methods, have been designed to determine
E..[ ]. Usually they are all based on the the separation d,.[ ] into a term for ex-
change and another for correlationEy.[ ] = Ex[ ]+ E¢[ ]. Then each DFT method
relies on certain approximations to compute each part. There are hundreds of DFT
methods, but no systematic way to improve functionals. According to the fundamen-
tal ingredients in each method, Perdew and Schmidt proposed a classi cation into ve
families.[66] The resulting "Jacob's ladder” of DFT is a classi cation connecting the
"hell" of non-interacting electrons to the "heaven" of chemical accuracy. The higher
one climbs the ladder, the more accurate the results will be, but at a higher computa-
tional e ort. The rungs of the ladder are as follows, in ascending order of complexity:

" the local spin density approximation (LSDA) assumes that(r) is a slowly chang-
ing function of r, so that the uniform electron gas model is able to describe the
non-uniform density system locally
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the generalized gradient approximation (GGA), introduces corrections accounting
for the non uniformity of through the gradient of the electron density

the meta-GGA family, which adds higher order corrections based on higher order
derivatives of the electronic density

the hybrid DFT methods improve the highly local nature of the previous families
by mixing some "exact" exchange energy computed following the HF method with
the KS auxiliary spin-orbitals

the double-hybrid DFT methods include some (dynamical) correlation estimated
by perturbative methods like MP2 at a higher computational cost

1.2.9 Dispersion correction

Usually DFT functionals are corrected in order to properly describe London disper-
sion forces. This is necessary because, except for double-hydrid functionals for which
the addition of correlation is due to perturbative corrections, dispersion is not well
described by DFT methods. To improve the description of medium range interactions,
the most used methods to take into account the dispersion corrections are the Grimme's
methods, D3[67, 68] and D3(BJ)[69]. The D3(BJ) version includes the Becke-Johnson
damping function, which controls the overlap between short and long range interac-
tions, as the former is described by DFT. The equation for D3 correction is given

by:

D3 1 X X CI‘,?\B
Edisp = > Sn RTf damp (Rag)
n=6:8A6B AB

wheres, is a scaling factor which depends on the chosen function&l;® are the nth
order dispersion parameters for each AB atom paiRg are the AB inter-nuclear dis-
tances andf gamp (Rag) are damping functions.

For what concerns the D3(BJ) correction, the equation becomes

£D36Y) _ 1 X X < ChB
e 2n=6;8A§B nRRB + champ (RRB)

Here, de,‘iB) = aRY%; + a, where a; are t parameters called BJ parameters and

o - G
RAB - CGAB .

1.2.10 Composite schemes for molecular energies

As mentioned in the Introduction, composite schemes are methods for the accurate
calculation of molecular electronic energies or structural parameters. They are based
on the combination of di erent types of electronic structure calculations that employ
high levels of theory in conjunction with small basis sets or low levels of theory with
large basis sets. Through this combination it is possible to obtain a more accurate
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estimate of the various individual contributions that can a ect the total energy, such
as the electron correlation, the e ect of the basis sets and the interaction of the core-
valence electrons. These methods are often based on the principle of additivity which
involves calculating the various contributions separately at the highest possible level of
theory, and then combining them all together. Composite schemes save computational
time as they provide less computationally intensive calculations while maintaining a
high level of accuracy. In the next paragraph a formal presentation and description of
the so called "cheap" composite schemes, namely junChS and junChS-F12 is provided.

1.2.11 junChS and junChS-F12

For both junChS and junChS-F12 schemes, the starting point is the optimization of
molecular structures at the DFT level, employing the revDSD-PBEP86-D3(BJ) dou-
ble hybrid functional in conjunction with the jun-cc-pVTZ basis set. Then, from such
optimized structure, the cheap composite schemes are applied to obtain the re ned
electronic energy of the molecular system under investigation.

The general idea on which both schemes are based is the calculation of all the contribu-
tions reported in Eq. through single point calculations using the DFT optimized
structure. The work ows for junChS and junChS-F12 schemes are reported in Fig

Figure 1.5: junChS and junChS-F12 work ows.

More speci cally the single point energies are computed using CCSD(T) with a triple
quality basis set in conjunction with CBS limit and additive CV corrections computed
at MP2 level of theory. Both schemes rely on the use of partially augmented basis sets.
Then the anharmonic ZPE is evaluated through generalized second order vibrational
perturbation theory.

The junChS and junChS-F12 electronic energy calculation are based on the following
expression

Eichs( F12) = Eccsom( F1+  Ewpa Fit  Eov( Fi2) (1.35)
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whereEccspm and Eccspmy r12 @are computed in conjunction with the jun-cc-pVTZ
basis set.
Corrections for the CBS limit are computed using the two-point extrapolation formula

(n) — 1 a,
Evpa( F12) =  Ewmp F19 * 3’ (1.36)

This term considers the valence correlation energy extrapolated to the basis set limit,
which leads to the following explicit expression

1= MP2(-F12a) =nzZ MP2(-F12a) = 1)z
n" g (-F12a) =n n"E (-F12a) =(n 1) EMP2(F128) <0 12 (1.37)

1 —
EMPZ( F12) — nn 1 nn

This term considers the valence correlation energy extrapolated to the basis set limit,
in which n=T,Q.

Finally, the core-valence correction is recovered at MP2(-F12) level of theory as the
di erence between all electron and frozen core calculationse:,

Ecv( F12) = Empz( F12)(@€)  Ewmpy ri12)(fC) (1.38)
using the cc-pwCVTZ basis set.
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1.3 Gas-Phase Chemical Kinetics

As one of the oldest branches of physical chemistry, the aim of chemical kinetics is to
provide a detailed understanding of the evolution of chemical reactions by assigning
speci ¢ rate constants to all the steps involved in the reaction mechanism. As already
mentioned in the Introduction, theoretical kinetics is fundamental to investigate chem-

ical processes that are di cult to explore experimentally, such as those which occur

in combustion, atmospheric and interstellar environments. However, to do that, it is
necessary to make some assumptions. Gas phase chemical kinetics is based on funda-
mental concepts and approximations derived from statistical and quantum mechanics
applied to molecular processes such as chemical reactions, which are:

" the microscopic reversibility principle, which states that microscopic detailed dy-
namics of particles is time-reversible because the microscopic equations of motion
are symmetric with respect to the inversion of time. This principle is strictly re-
lated to mechanical quantities like transition probabilities, trajectories and cross
sections. The following is the general expression for the microscopic reversibility

principle [70]

P’ 2= P 2 (2.39)

in which p; and p, are the momenta of the colliding particles and ;, and ,; are

the di erential cross section for the forward and reverse processes. For macro-
scopic systems as an ensemble of elementary processes the consequence of time-
reversibility is that for each individual process there is a reverse process, and in a
state of equilibrium the average rate of each process is equal to the average rate
of its reverse process.

the detailed balance principle, which is formulated for kinetic systems that can
be decomposed into elementary processes, for which, at equilibrium, the forward
process is in equilibrium with its reverse process for each elementary process[71].
Detailed balance can be formulated through the following expression

Kor %e Eoske T = K (T) (1.40)

krev QR

That is, the ratio of the total rate constants for the forward and reverse reactions
is a constant which depends only on temperaturé. Qp and Qgr are the total
partition functions of the reactants and the products. ki, and ke, assume the
following expressions

Kior = Kit Xi (1.41)

Krev = Ksi Xt (1-42)



Xi Is the fraction of the reactants in statel and x; the fraction of products in state
f.

Detailed balance can be derived from microscopic reversibility by making use of
the connection between cross sections and rate constants

Z Z
Kior = Vi 1of (pr) d3py 0 (1.43)
pP1
Z Z
Krev = Vo oaf (pZ) d3p2 d? (1-44)

P1

whered? is the product scattering angle, whose integration converts the di er-
ential scattering cross section into a total cross section, and thereby, it includes
all possible contributions toks,, or ki, that occur for a xed initial translational
momentum p; or p;.

the in nite sink approximation, which states that in a highly diluted system
the dissociation of an isomer, or reaction intermediate, is considered as an ir-
reversible process, since the probability of a second e ective collision between the
two product fragments is extremely unlikely due to the rare ed nature of the
system itself[72].

Given all these assumptions, many landmarks have been reached during the histori-
cal progression of chemical kinetics, like the steady-state approximation of Bodenstein
and Lind and the Lindemann-Hinshelwood mechanism involving activated molecules
for unimolecular dissociation or isomerization reactions. Also theoretical models for
calculating the speci c rate constants like transition state theory (TST) for pressure-
independent thermal rate constant and the Rice-Ramsperger-Kassel-Marcus theory
for microcanonical and pressure dependent rate constants. In general, the calcula-
tion of reliable rate constants often involves two separate steps: (i) calculation of
the potential energy surface (PES) for electronically adiabatic processes, also called
Born-Oppenheimer reactions, or calculation of multiple PESs and their couplings for
electronically non-adiabatic reactions also called non-Born-Oppenheimer reactions, and
(if) the calculation of the rate constants using the kinetic models mentioned above and
in the Introduction. Neverthless, for complex multi-well interconnected chemical re-
action mechanisms involving several chemical species, the most powerful framework
is the master equation,i:e:, the set of coupled rate equations for all the steps in the
mechanism, to compute the time evolution and the rate coe cients of all the possible
reaction channels[73].
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1.3.1 Single-step reactions
Transition state theory

Generally a single step reaction is represented as

A+ B GEGP

Where A and B are the reactants andP the products. The rate of change of the
abundances of reactants and products is called the reaction rate law and is given by
the following expression

rate = % = k[A][B]; (1.45)

where[P], [A], [B] are the abundances of the species involved in the reaction akds
the reaction rate constant, for which its dependence on the temperature is de ned by
the Arrhenius equation:

Ea
k= Aexp T (1.46)

whereA is the pre-exponential or "frequency"” factor, which is a measure of the rate at
which collisions occur and may be temperature-dependefii, is the activation energy
which can be roughly interpreted as the minimum energy that the reactants must have
to form products, kg is Boltzmann's constant andT the temperature. If a reaction
obeys the Arrhenius equation, then the Arrhenius plot (lk versus %) should be a
straight line with the slope and the intercept being E—Ba and A, respectively, as shown
in Figure

Figure 1.6: Arrhenius plot

The Arrhenius equation describes the rate constant for a reaction from reactants to
products ignoring any mechanistic consideration like the presence of intermediates
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along the reaction pathway. TST, also referred to as "activated-complex theory",
explains the reaction rates of elementary chemical reactions. With activated-complex,
it is meant an unstable arrangement of atoms that exists momentarily at the peak of
the activation energy barrier and it is usually called TS. This theory, based on concepts
and quantities derived from statistical mechanics, provides an expressionkofnaking
some assumptions:

A

there is chemical equilibrium between reactants and the "activated complex"

once a molecule has reached the TS it may either come back to reactants or evolve
into products

if it crosses the TS, the system can only evolve into products.

The main result of TST is the following expression for the thermal rate coe cient:

ke T Q* Ea

k(T) = h ok exp KaT (2.47)
where Q* and Qg are the partition functions of the transition state and reactants, re-
spectively. These functions are fundamental to calculate the thermodynamic properties
of the molecular system and are usually computed in the rigid-rotor harmonic-oscillator
(RRHO) approximation, which allows to decouple the translational, rotational, vibra-
tional and electronic degrees of freedom. So the total partition function for all the
species involved in the reaction will be computed in this way

Qtot = Qtrans Qrot Quib Qelec (1.48)

where Quans » Qrot, Quib and Qgec are translational, rotational, vibrational and elec-
tronic partition functions. This approximation could lead to errors, for example in
molecules with hindered rotations characterized by low-frequency vibrational modes,
where one molecular fragment rotates relative to another around a bond [74].

TST can be applied to reactions involving tight and loose transition states to compute
the rate. However, the fundamental limitation of the TST is the overestimation of
their rate. This is because the TST counts each crossing of the TS as a reaction, so
one molecule turning over and another crossing multiple times and truly reacting once,
are all considered reactive events in the TST framework. It happens for both, tight
and loose TS. Anyway, for loose TSs, due to the fact that the molecular con guration
of the TS, or "activated-complex”, cannot be univocally identi ed, the application of
the variational principle for the computation of the rate coe cient is made necessary.
In this framework, the TS is de ned as the dividing surface that minimizes the ux
of reactive molecules passing from reactants to products per unit time. So with this
principle, the position of the TS along the reaction coordinate is chosen as the one that
minimizes the canonical rate coe cient. In this way the recrossing e ect is partially
corrected and a better estimation of the rate can be obtained.
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Rice-Ramsperger-Kassel-Marcus

As mentioned in the previous section, a molecule that e ectively reacts must have a
high internal energy which must at least overcome the barrier between reactants and
products. In the gas phase the internal energy of the molecules can increase or decrease
thanks to collisions with the other molecules that make up the bath gas. Therefore,
for a gas phase reaction, the combination of two steps represent a reaction:

"~ the collision between the molecules of the reactive system A with the particles of
a thermal bath M can increase or decrease the internal energy of the molecules,
ie:,

* indicates the internal excitation.

~ the actual reactive event

A GXGP

This assumption is the basis of the Lindemann-Hinshelwood mechanism formulated
by Frederick Lindemann, Cyril Hinshelwood and also by Herman Carl Ramsperger,
which supposed and veri ed experimentally that such two-step mechanism has a non-
negligible dependence on pressure and it is able to explain the dynamics of gas-phase
unimolecular reactions. In the high pressure limit, collisional activation and deactiva-
tion are very fast, so the rate-determining step of the mechanism is the reaction itself
and the rate coe cient will be the rate coe cient of the reaction event. Since this does
not involve the bath gas, the overall rate coe cient will be independent of pressure.
We have the opposite situation in the low pressure limit, the rate-determining step is
the collisional activation and deactivation step, which is very slow. It makes the overall
rate coe cient proportional to the bath gas pressure. For intermediate pressure values,
the k follows a fallo regime. In this framework, the internal states of the molecule
A and its excited stateA are regulated by the microscopic rates of collisional energy
transfer from energy leveE; to another level with energyE;, i:e:, R(E;; E;), and the
microscopic rate of reactionk(E;) from a level with E;. Given that only molecules
having an energy higher than the activation energy can react, the evolution over time
of the population of molecules capable of reacting because of that will be given by the
following expression:

dXi t X
W™ R Rix) k() (1.49)
j=0
From this expression it is possible to obtain information about the phenomenologi-

cal rate coe cient, i:e, the rate constant for a speci c reaction that can be measured
as a function of temperature and pressure. Eq. can be considered as the most
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basic form of the master equation. It can be solved only if information aboWt(E;)
and the collisional energy transfeiR; are known. It is possible to compute the col-
lisional energy transfer through classical trajectories simulations, which requires a lot
of computational e ort. In general, k(E;) is described by Rice-Ramsperger-Kassel-
Marcus (RRKM) theory which is the most commonly employed and widely accepted
approximate description of the dynamics of the reaction step de ned by the following
fundamental equation for the rate constant

R
N?(E Eq) _ o °d??E Eo "7
h(E) h (E)

where N?(E Eg) is the sum of states from 0 toE Eg for the TS (computed

by excluding the normal mode with imaginary frequency under the assumption that
the motion along the reaction coordinates is separable from that of the other modes),
vibrational ZPEs of reactants and the TS. The sum of states of the TS can be expressed
as an integral of its density of states over the translational energy of the reaction
coordinate"?.

k(E) = (1.50)

1.3.2 Unimolecular reactions

As already mentioned, an important class of reactions that frequently occurs in gas
phase chemical processes are the unimolecular reactions, which are rst-order reac-
tions where the reactants acquire energy for reaction through collisions. This is one
of the most conceptually simple types of reactions in chemistry and presents several
mechanisms that are helpful in understanding many reactive systems. Dissociation
or isomerization of the molecule may be considered as characteristic examples of such
reactions.

Dissociation

A dissociation reaction is a decomposition process that starts from an initial reactant
to arrive at the formation of multiple products. As consequence of the 'in nite sink’
approximation, in the gas-phase the dissociation reactions are considered as irreversible
processes and can be schematized in this way

Kg
A G338 + C

whereky is the rate constant for the dissociation process. The phenomenological rate
equation which de nes the rate of change of the relative abundances of the chemical
species involved in the reaction are:

d[A dB] _ dc] _
% = kAl g = KAl g = KalAl
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TST or RRKM theory are usually used to computeky.

Isomerization

Isomerization is the simplest case of reversible reaction which describes the intercon-
version between two chemical species like A and B and is generally represented as

Ks
A [EEEB
Kp

wherek; andk, are the reaction rate constants for the forward and reverse isomerization
processes, which can be computed through TST or RRKM theory.

The phenomenological rate equations which de ne the rate of change of the relative
abundances during the isomerization reaction are:

AL AT+ kolB]

dt dB] _

o = KAl ofB]

1.3.3 Bimolecular reactions

In general, a bimolecular reaction is a chemical process which takes place between two
substances A and B and which can lead to the formation of one or more productg C

, -.-» Cpn, by passing through one or more reaction steps, which can be represented in
the following form

Ky
A+ B @3QEC, + + C,
Kb

The phenomenological rate equations which de nes the rate of change of the relative
abundances during the above mentioned bimolecular reaction are:

dA] _ dB] _ ¥

o - WAL k(G

where[A], [B], [Ci] are the concentrations of the species involved#; and ky, are the
forward and reverse temperature-dependent rate constants (or rate coe cients), re-
spectively.

The equilibrium constant,K , for the process depends on the quotieQy of the forward
and reverse rate constants de ned by

Qn
= — = A== 151
%= T TAIE] (51
The temperature-dependent equilibrium constant is de ned by
K=Qk(T)exp[ G;=RT] (1.52)
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whereR is the gas constantQy is the value of the reaction quotient at the standard
state and G+ (T) is the standard-state Gibbs free energy of reaction at temperature
T and it is de ned as

Gi(T)= H(T) T S (1.53)
In general, the free energy change upon reaction is
G=RTIn %K (1.54)

If the free energy change is zero, the reaction is at equilibrium. IfG; or G is
negative, the reaction may be called exergonic, and if either of these quantities is
positive, the reaction may be called endergonic [75].

Association

An important class of bimolecular reactions is the association, where two initial reac-
tants A and B can form a single productC, generally this kind of reaction is represented
in reversible form as

Ks
A+ B (GESEC
Ko

wherek; andk, are the forward association rate and the backward re-dissociation rate.
This type of reaction is usually involved in most of the chemical reactions of atmo-
spheric, astrophysical and combustion interest that can occur in the gaseous phase. In
the case of association processes involving activation barriers, RRKM, TST or VTST
are reliable models for calculating; and ky,. In the case of barrierless reactions, colli-
sional models, also called capture models, represent a valid alternative for calculating
the rates.

1.3.4 Barrierless reactions
Collision theory

The collision theory provides simple and useful models to obtain insights about the
temperature and energy dependence of the bimolecular rate constants. The collision be-
tween an atom or moleculé\ at an internal state i with another atom or molecule hav-
ing an internal statej can give several possible outcomes. They can interact through:

" Elastic collision: the two colliding partners do not undergo any arrangement or
change in the internal state or translational energy, only the direction of their
relative motion changes.

" Inelastic collision: the two reactants do not rearrange their relative connectivity,
but only their internal states.
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" Reactive collision: the two colliding partners rearrange their connectivity to form
new molecules with di erent internal energy distribution.

In reactive collisions, where a beam & (i) molecules with relative velocityVg colliding
a scattering zone containind (j ), it is possible to de ne the state-selected rate constant
kij and the reaction cross section; as following

Ki (VR) = Vr i (VR) (1.55)

The average reaction cross section is obtained by averaging over all the reactants
internal states:

X A\,,B

i5j
where w® and WJ-B are the Boltzmann weighting factors of the™ and j" reactant's
internal states, respectively. The thermal rate constant for the process is obtained by
averagingVg  over an equilibrium Maxwell-Boltzmann distribution of Vg

8 1:2Z 1
k= - dE/eiErer (Erel) exp( E rel) (1-57)
0

where

Ee = V R2:2 (1.58)

is the relative translational energy, with being the reduced mass of relative transla-
tional motion.

It is also useful to de ne the reaction probability Pr as a function of the impact
parameter b, which is de ned as the distance of closest approach between the two
molecules in the abscence of interparticle forces. The probability of reaction decreases
to zero for largeb. Actually, we can consider a value ob = by, after which the
reaction probability is negligible, and the reaction cross section is given by

Z by
P =2 Pr(b)bdb (1.59)
0

The simplest model is to consider the reactants as hard spheres that do not interact
with each other if the intermolecular distance is larger than the arithmetic average
of their diameters, and soPg(b > d) = 0, but that react at all shorter distances so
Pr(b > d) = 1 [75]. For this case the reaction cross section id 2, and by applying
Eq. one nds that the reaction rate equals

8 1=2
k(T)= — d? (1.60)

An improvement of this model is the capture model (CM) or reactive hard spheres
model in which it is assumed that the reaction occurs iV % =2 exceeds a threshold
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energy E , where V oc is the relative velocity along the line of centersi:e:, in the
direction connecting the centers of the two spheres.
CM is used also to describe the “barrierless' processes considering the strong long-
range attractive forces between reactants. In this way, the interaction potential can be
expressed as an expansion series of the distaft®etween the colliding particles
X
VR = % (1.61)
n
The leading powem, as well as the interaction coe cientC,, for a given reaction system,
depends on the nature of the interaction. For collisions which involve reactants with
a non-zero impact parameter a centrifugal term needs to be added to the potential
to account for the relative orbital motion of the two fragments. This leads to the
formulation of an e ective potential of the form

L2 X ¢,
Ve = 7R 2 ﬁ (162)

n

where the angular momentunL can be written as

L= Vgb (1.63)

where is the reduced mass of the systemy the relative velocity of the colliding
species, and the impact parameter.

A paradigmatic case of barrierless reaction is the collision of an ion with a neutral
molecule, for which the Langevin model can be employed. It assumes that the ion
is a point charge and the molecule is a sphere with polarizability. This model
assumes that at long range only the ion-induced dipole attractive term in the potential
is important; the e ective potential is then given by

L2 1q°2
Ve = —— 1.64
® 2R2 2R4 (1.64)
whereR is the distance between collision partnergy is the charge of the ion, and. is
the orbital angular momentum. The rst term in Eq. is the centrifugal potential,
and the second term is the ion-induced dipole potential de ned by a general expression
C,=R* as indicated in Eq. . Sustituting Eq. and using Eq. we obtain
_ b * 1gq?
Ve (R) = Ere R SRA (1.65)
The e ective potential in Eq. has a single maximum at a radiuR given by
1 q 2 1=2
R = - 1.66
b Erel ( )
and the e ective potential at the maximum is
Erel 20
L= 2req - (1.67)
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The critical impact parameterb is obtained fromV, and is given by

b= 2q%Ey (1.68)
and the cross section is
2 2 1=2
= b 2= qu (1.69)
rel

If Ere < Ve the centrifugal barrier cannot be penetrated and no reaction occurs. If
Ee = Ve , the ion can move inside the centrifugal barrier, and the reaction probability

is assumed to be equal to unity. So, substituting in Eq. the expression of the cross
section de ned by Eq. , the relative velocity expressed & = (25_,8.)% and after
some rearrangements, we obtain the temperature and velocity independent Langevin
rate constant

kk=0q —; (1.70)

where" is the permittivity of free space andq is the ionic charge.

Capture theory methods sought to adapt the Langevin equation to include the e ects of
temperature, polarizability, dipole moment, and orientation of the reactants on the rate
coe cient. One of this attempts was the 'locked’ dipole (LD) orientation method. The
LD method assumes that the dipole of the polar molecules locks at zero angle 0 )
when approaching the ion, yielding rate coe cients higher than those predicted by the
Langevin model. A further extension of the LD method is the average dipole orientation
(ADO) theory which suggests that the orientation of the dipole with respect to the
ion can be treated as having an average value rather than being permanently locked.
ADO reaction rate coe cients can be calculated using

r r—
Kapo =@ —+ q..DC 5 leT;
As can be seen in Eq. , the ADO model builds upon the Langevin equation by
adding a term that accounts for the dipole moment and temperature dependence of
the rate coe cient, giving rise to the inverse trend with temperature that has been
observed experimentally in many ion-polar molecule reaction systems. The parameter
c accounts for the average orientation of the dipole of the neutral reactant with respect
to the ion (c = cos) and depends on both the ratio= %2 and the temperature of
the system.
An analogue of the Langevin ion-dipole model for neutral reactions without a barrier,
like the radical-radical reactions, is the Gorin model which replaces q 2=2r* in Eq.

by (Ce=r®) where Cg is a constant. With the Gorin model, the thermal rate
constant is given by

(1.71)

r _

Koorin (T) = —2'%6 (Ce)° (ke T)*® (1.72)

wInN
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In this model a centrifugal barrier is predicted at much smalleR than that of the
Langevin model, which makes reactions between neutral molecules less likely than
ionic reactions to be dominated by the long-range force law.

All CMs are based on the assumption that a collision event will yield products with
unit probability, if the reactants have enough energy to surmount the centrifugal bar-
rier. The simplicity and the approximations employed in these models give rise to
several limitations. The main drawback of CMs is that they do not account for inter-
actions that happen at short range. This is due to the fact that the CM considers only
the likelihood that two reactants form a reaction complex, based on their long-range
attraction. In this way, it is not possible to predict the branching ratios of di erent
reaction pathways when more than one product channel is available. Discarding the
description of short-range interactions does not allow to take into account the presence
of submerged barriers which can in uence the likelihood of a reaction proceeding to
products. Moreover, the non-inclusion of short-range interactions, and the assumption
that all captured reactants go on to form products, make the results obtainable by
CMs upper limits of the reaction rate coe cient for a given system. However, CMs
play an important role in predicting the rate coe cients of many important astro-
chemical processes for which there is no reliable experimental data at the relevant low
temperatures[76].

1.3.5 Tunneling models

The tunneling e ect is a quantum mechanical phenomenon in which patrticles, e.qg,
electrons or atoms, can pass through a potential energy barrier, which according to
classical mechanics this would not be possible. This e ect has been studied in the
physics of electrons or atoms, in solid state physics and also in the context of the
escape of particles from the nucleus, only later it has been appreciated as a factor
conditioning chemical reactions [77, 78, 79, 80, 81]. The rst to mention the role of
the tunneling in chemical reactions were Applebey and Ogden in 1936[32], later in
1938 Bell discussed more about it at the Faraday Discussion[83], proposing it as a
possible cause of the non-linear trend of Arrhenius plots. A lot of theoretical and
experimental work has been done to address the problem of the tunneling e ect on
chemical reactions, and several models have been proposed, such as the one-dimensional
Eckart model and the multidimensional models Zero Curvature Tunneling (ZCT) and
Small Curvature Tunneling (SCT), which present a di erent degree of accuracy in the
theoretical evaluation of the tunneling e ect in chemical reactions.

One-dimensional models
Eckart model

Tunneling e ects can be conveniently included by introducing the so called transmission
probability Pynn (E9 in RRKM's formulation of k(E):

R
" Z(E E)Pym (E9dE®

K(E) = A E)

(1.73)
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where, is the classical energy barrier for the forward reaction.

Note that now the integral is extended also to energies below the reaction thresh&d
Analytical expressions forPy, (E9 can be obtained by using model potential shapes.
In this dissertation one of these, the unsymmetric Eckart potential, has been widely
used[84]. For such potential, the transmission probability is given by the following
expression:

sinh(a) sinh(b
P (E9 = ——, @) Sinn() (L.74)
sini?((a+ b)=2) + cosh?(c)
wherea, b and c are parameters de ned by:
P——r P=—o— s
+ O+

e e s e A
hi Vp2+V?2 hi Vp2+ V2 (h)> 16

Here, V, is the classical energy barrier for the reverse reaction, andis the magnitude

of the imaginary frequency of the saddle point. One-dimensional tunneling models such
as the Eckart model are often used in kinetic modeling and are implemented in most
Kinetic calculation programs, such as MESS [85], MESMER[86], Multiwell[87, 88],

Polyrate[39] and also in StarRate[90, 3].

Multidimensional models

In general, multidimensional models for quantum tunneling rely on the de nition of a
reaction path as the portion of the PES comprised by the reaction coordinate connect-
ing two minima and the transverse vibrational mode de ned by the turning points on
the concave side of the reaction path. Along this reaction path the decay probability
density j j2 in a classically forbidden region is described by the exponential? , de-
rived by the Wentzel-Kramers-Brillouin (WKB) approximation, where is the action
integral generally de ned as
Z
= djp;e | (1.75)
tunnelling region
where it is a measure of the distance along the tunnelling path ang. . is the
-component of the e ective momentum.

Zero Curvature Tunneling

The ZCT approximation involves a one-dimensional tunnelling calculation, it is actually
a multidimensional tunnelling approximation because the vibrationally adiabatic po-
tential used along the reaction path involves contributions from the transverse modes.
Anyway, in ZCT the tunneling path is approximated as coinciding with the Minimum
Energy Path (MEP) and neglects its curvature for which the action integral (E) can
be written in this way
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Z s> (E) 1
MEP(E)=h ! ds 2 (s) VS(s) E 2 (1.76)
s< (E)
where is the reduced mass of the systens. (E) and s. (E) are the left and right
classical turning points at which the vibrationally-adiabatic ground-state potential
V.S(s) given by

V.2(S) = Ve (S) + Vint (5) (1.77)

takes on a value equal to

VE(s)= E (1.78)

Vvep (S) is the potential energy along the minimum energy path and (S) denotes
the total zero-point energy at the reaction coordinates value

N 71
Vint (8) = §~! i(S) (1.79)
i=1
with ! ;(s) denoting the frequency of modeé and the sum is over all vibrational modes
orthogonal to the reaction coordinate ats.

Small Curvature Tunneling

In the SCT approximation the action integral (E) is de ned in this way

YA s> (E) 1
(E)=h1t ds 2 . (s) VS(s) E 2 (1.80)
s< (E)

The action integral is evaluated over the classically forbidden regions, that is, for
regions in which the total energy is lower than the e ective potential, which i3/C.
The coupling between the reaction coordinate and the rest of degrees of freedom is
included in the e ective mass . (S). When coupling is included ¢ (s) , SO the
action integral is smaller and the tunneling probability is larger. In SCT, the e ective
mass is de ned as

expf 2a(s) [a(s)]? + (d t=ds)?g

S¢= =min 1 (1.81)
where
a=j (s)t(s)i (1.82)
in which (s) is the reaction-path curvature
(51 ) 1=2
(s) = [Brue ()] (1.83)
m=1

and t(s) is the turning point
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[tm(s)] * (1.84)

Bl

- %: X1 Bm;F(S) ?

T )
of an harmonic oscillator with frequency
| 1
K 1 . 2" 2
| = Bunr (S), g (1.85)

m=1 (S)

whereB,r (S) are the reaction-path curvature coupling elements between the reaction
coordinates and a modem perpendicular to it[91].

tm(s) are the individual turning points of all the normal modes perpendicular to the
reaction path

NI

t = 1.86
and the last term on the right hand side of Eq. Is calculated using central- nite
di erences

dt ?_ X" dtm(s) 2_ X" tm(s+ Su) tm(s  sh)
- = = (1.87)
ds - ds - 2SH

with a step size given bysy = Ny s, whereNy is the step along the MEP between
Hessian calculations.

The tunneling transmission probabilities called semiclassical adiabatic ground-state
probability PSA®(E) are calculated by the following expression:

8
EQ E<Eg
f1+exp[2 (E)lg %; Eo, E V¢
31 PSAC VA E ; VA B 2VAS Eg
T 1 VA6 Eo<E

PSAG(E) = (1.88)

where VA® corresponds to the maximum of the energy barrier. Various kinetics

programs have implemented multidimensional tunnel models, such as Polyrate[39],
Pilgrim[92], and MultiWell[87, 88]. The theoretical framework described in this sec-

tion is also the one implemented in the Pilgrim program.

1.3.6 Molecular stabilization processes

Typically in the gas-phase we have to deal with the two initial reactant& and B and

the moleculesM constituting the thermal bath thanks to which collisional stabilization
can take place to favor the formation of complexes or reactive intermediates involved in
a chemical reaction. To stabilize such intermediates, a second stabilization mechanism
Is possible thanks to the radiative emission. However it is strongly disadvantaged
since under standard pressure conditions the collisional process is much faster than
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the radiative one. Neverthless, in the low pressure regime, the collisional stabilization
of the reaction complexes or intermediates is strongly disadvantaged precisely because
the collision probability is greatly reduced. For this reason, under these zero-pressure
conditions, the radiative emission plays a determining role in the stabilization of the
complexes or intermediates formed by the bimolecular association reactions.

Collisional energy transfer

The most widely used model to compute the collisional energy transition probabilities
P(EJEY is the so-called exponential down model, its formulation is a consequence of
the partitioning of the energy space which is illustrated later in this dissertation in
Section 1.1.7. The basic assumption is that the energy transfer probability depends
only on the internal energy of the molecule without taking into account its collisional
history, it is calculated through this expression

Ei Ej

P(EijE;) = C(Ej)e " F1s (1.89)
whereE; > E;, C(E;) is a normalization constant, andh Eiy is the average energy
transferred per collision in a downward direction. The transition probabilities for
energy transfer in the upward direction can be obtained via detailed balance.
Other models with di erent transition probability distributions have been proposed,
such as Gaussian models and double exponential models. It has often been noted
that classical trajectory simulations as well as experimental data suggest that the
exponential down model is perhaps not the most accurate for describing collisional
transition probabilities and that models with longer tails are more accurate[36].

Radiative emission

The collision of an ionA™ or a radical speciesA: with a molecule typically results,

at least initially, in the formation of an ion-molecule complexAB *, or for the radical
species into a radical intermediate because of the formation of a chemical bond between
the two reactants. The stabilization of this complexes through the removal of the excess
energy above the dissociation limit occurs in the direct competition with its dissociation
back to reactants or no to other products. At ordinary pressures the stabilization of this
complex occurs through collisional stabilization processes. However, radiative emission
provides an additional stabilization route which becomes dominant in the low pressure
limit[93]. Thus for pressures below aboutlO ®* mbar one must generally consider a
reaction scheme which involves combination of a bimolecular complex formation step

k
A" + B GBGEEEMAB " (1.90)
a unimolecular redissociation step
Kp
AB* G3EXGAT + B (2.92)

a collisional stabilization step
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K
AB* + M GICGAB* + M (1.92)

and a radiative stabilization step

K
AB* GEXAB* + h (1.93)

It is possible to develop an e ective bimolecular rate constarit, for the loss of reac-
tants given by based on the outcomes of the experimental investigation of systems
similar to those mentioned above.

kf (kr + kc[M ])

ke = 1.94
* = kot K+ kM (199
Which, performing a Taylor series expansion aboyM ] =0 yields

© T kot ke (K k)2

If a zero-pressure limit is assumed to simulate the ISM pressure conditions it is neces-
sary to consider[M ] = 0. So, the e ective bimolecular rate constant becomes

o kek
° kb+ kr
wherek; and k, can be determined using capture models depending on the nature of

the reactants and the detailed balance principle. The radiative rate constakt within
the harmonic approximation for any distribution of vibrational states is given by

(1.96)

Xm X
ke st = 1:25 10 nP;(n)l;( km=mol) ? cm ! (1.97)

i=1 n=0
where N, is the number of vibrational modesP;(n) is the probability of vibrational
modei being in leveln;1; is the i absorption intensity for thev =0 to v = 1 transition
of modei and ; is the ith vibrational frequency. Therefore, a technique for guring
out P;(n) and the various IR absorption intensities is needed in order to determine
the radiative rate constantapriori. The radiative rate constant can instead be com-
puted for the canonical distribution with the equivalent total energy for moderately
large molecules since the canonical and microcanonical distributions are su ciently
comparable. Similar to the microcanonical case for which

N 1 2

ey~ b (E BJZ nh )
Pim: E:J) w(E BID

N L

where ., ~ is the DOS for the complex in the absence of the ith degree of freedom
and BJ ? is the rotational energy, the canonical distribution function is substituted for
P;(n) during the evaluation of the radiative rate constant for the canonical case

(1.98)
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whereT is the temperature,h the Planck constant andkg the Boltzmann constant[94].

In the astrochemical context, the radiative emission assumes primary importance in
the stabilization process of the radical and ionic association complexes and also of
the various reaction intermediates. Given the low pressures characterizing the ISM
(between 10-100 molecules/ctncorresponding to 10'8-10 ° atm) it is possible to
hypothesize that the collision stabilization is not e ective. It is at this juncture that
stabilization by radiative emission becomes fundamental. In particular for radical
association reactions, in which the association product can only stabilize by radiative
emission. Itis important to underline that this stabilizing e ect increases in importance

as the size of the system increasas:, the number of atoms composing the molecules
as the number of available vibrational modes increases, therefore it also increases. For
this reason it is possible to state that in the case of COMs formation reactions, the
radiative emission can condition the values of formation rate constants in a decisive
way.

Pi(n;T) =exp

(1.99)

1.3.7 Multi-step reactions

Multi-step reactions are those reactions which, in order to lead to the formation of the
reaction products, require several intermediate elementary steps, even interconnected
to each other, which combined can generate various formation reaction paths having
one or more single-step reactions in common. The study of the kinetics of these inter-
connected multi-step reaction networks is of great importance in gas phase chemistry
since the chemical species involved are connected through multiple pathways having
di erent rate constants which can signi cantly condition the overall kinetics of the
reaction mechanism considered.

Chemical Master Equation

The theoretical formulation of the chemical master equation is based on mathemati-
cal concepts derived from probability theory and on the description of energy trans-
fer processes and chemical reactions as stochastic processes classi ed as Markovian
processes. In general, the theoretical framework to study the time evolution of com-
plex multi-component systems characterized by stochastic Markov processes is the
Chapman-Kolmogorov equation which represents the starting point for the derivation
of the master equation. The purpose of this section is not to delve into the theoretical
mathematical aspects on which the formulation of ME is based, but rather to provide

a description more related to the chemical application of this mathematical tool. How-
ever, to obtain such information it is possible to nd a rich literature concerning the
theoretical foundations of the master equation.

Both the collisional energy transfer stabilization and the chemical reactivity can be
de ned as time-homogeneous Markovian stochastic processes. Therefore, to study the
time evolution of these phenomena it can be studied by applying is possible to apply
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the master equation approach and de ning as a stochastic variable the energy E in an
interval E+ dE, which de nes the internal energy that the molecules can assume.

To model the molecule collisions in this energy interval the following assumptions are
made:

" The reactants are dilute in a bath gas and the number of collisions undergone by
a typical reactant molecules depend only on the length of the time period

" The probability of a molecule undergoing collision in a su ciently small time
interval is proportional to the length of the time interval,! (E) + o ).

" The probability that more than one collision occurs in is o( ).

Given all the previous assumptions and considering the collisional energy transfer pro-
cess as homogeneous, it is possible to study the probability distribution function for
energy at timet and to formulate the master equation for the energy transfer

z

gp(Ei;tF | (E))P (B | E)p(E ;) dE, ! (E)p(E::D) (1.100)

whereP (E; j E;) was already de ned in as the collisional transition probability.

In order to include in the ME equation also the chemical reactivity it is necessary to
compute the microcanonical rate coe cient,k(E), through the RRKM theory reported

in the previous sections. Chemical reactivity is considered as a loss of population from
the energy space of reactants. The ME then becomes

Zl
GPED=1  PEIEIPEDE P ED KEIPED (110D

Due to the fact that the right-hand side is linear in the population density, the equation
can be written in a more compact form as

gP(E;t): Mp(E:t) (1.102)

where the operatorM represents the combined e ects of energy transfer and reaction,
and will be referred to as a transition operator . One possible approach to solve
this equation is the technique of separation variables to separate time from the energy
variable which leads to the expansion

X

p(E;t)= G i(E)e’ (1.103)
i

wherec are numerical coe cients, ; and (E) are the eigenvalues and eigenfunctions
of the operatorM :

M i(E)= i i(E) (1.104)

So, to solve Eq it is possible to use the classical approach based on the diagonal-
ization technique of the matrix representation of the operatok to obtain eigenvalues
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and eigenvectors. The other widely used method to solve ME is through stochastic ap-
proaches, like kinetic Monte Carlo simulations and the Gillespie algorithm[95]. It can
be done through an energy grained approach for which eigenvalues and eigenvectors are
computed assuming that the energy space is partitioned into a set of contiguous inter-
vals, or grains. The grain size must be chosen in order to minimize the discretization
error and also because to reach the convergence the grain size must be signi cantly
smaller than h Ei4. Moreover, the grain size must be small enough such that the
microcanonical rate coe cients, transition probabilities, densities of states, and nor-
malization constants do not vary signi cantly across the grain. To calculate the mean
energy of a grain, i, it is necessary to determine the number of states that fall within
the grain, N;, also called sum of states (SOS). The density of states (DOS) function
must take into account the discrete nature of the rovibrational states. This is most
often done using a direct count algorithm such as Beyer-Swinehart algorithm [96] for
directly computing harmonic oscillator, or the Stein-Rabinovitch algorithm [97] for
anharmonic and hindered rotors oscillators, or the Wang-Landau algorithm [98] for
computing quantum densities of states for fully coupled anharmonic systems. Briey,
this algorithm involves the division of the energy axis into a set of contiguous intervals,
which, to avoid confusion with the energy grains of the ME, will be referred as cells. It
is then determined in which of these cells rovibrational states lie. So, for each cell the
number of rovibrational states is computed and they are summed to giv; for the
grain. The grain energy and the associated rate coe cient for reactive loss are formed
by taking averages of these quantities over the grain.

Then a ME for the grain distribution, pi(t), also called an energy grained master
equation, or EGME can be written and has the form

d xn
api (t) =1 Pij pj (t) 'p i(t) ki Pi (t) (1105)
j=1
or in more compact matrix form,
%p =['(P 1) K]p (1.106)

where P is the matrix of transition probabilities, 1 is the identity matrix, K is a
diagonal matrix of microcanonical rate coe cients,! is the collision frequency ang
is the population distribution vector. Finally, settingM =! (P 1) K, the EGME
can be written in the compact form

d
ap = Mp (1.107)

where M will be referred to as the transition matrix. The solution of this equation
provides the time dependence g and has the form

p(t)= Ue U p(0) (1.108)

wherep(0) is the initial population vector, U is a matrix whose columns are the right
eigenvectors ofM, and is a diagonal matrix of the corresponding eigenvalues.
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Eigenvalues are often referred to as the Chemically Signi cant Eigenvalues (CSES).
Along with their corresponding eigenvectors, they describe the time evolution of the

system as it approaches equilibrium. The CSEs are those that correspond to the exper-
imentally observed phenomenological rates measured in typical kinetics experiments,
since they describe reaction and interconversion between the di erent molecular con-
gurations on the PES. The remaining eigenvalues, those that are much more negative
than the CSEs, correspond to collisional relaxation on very short time scales, and are
often referred to as the Internal Energy Relaxation Eigenvalues (IERES)[29].

In Figure a graphic representation of a generic reactive multi-step system is shown.

Figure 1.7: Graphical representation of multi-step reaction and EGME model.

The major problem in applying the master equation to an association reaction is that
the bimolecular nature of association introduces nonlinearities, which make the master
equation hard to formulate and to be solved. Any such solution needs careful analysis
to extract a quantity that will serve as an association rate coe cient. An approach to
determine the association rate coe cient is to modify the ME by adding a source term

%p = Mp + g(t) (1.109)

where the vectorg represents the rate at which individual grains are populated by
the association reaction. A number of approaches have been made to tackle this prob-
lem and they can be broadly classi ed into three main groups: steady-state methods,
linearization or homogeneous methods, and source or inhomogeneous methods.

One of the most used methods is the method of linearization by pseudo approximation

41



of the rst order, in which the quantity of one of the two reactants is considered, much
larger superior than that of the other.

Taking into account all the elements previously described in the various sections, more
sophisticated ME models can be constructed by combining three elements, namely
simple dissociation, isomerization, and the linearized or homogeneous source term to
study a wide range of gas-phase reactions characterized by very di erent temperature
and pressure conditions.
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Chapter 2

StarRate: a computer package for
modeling the kinetics of astrochemical
reactions

The theoretical framework and the structure of the StarRate program is described in
this Chapter as an implementation of the work started by Nandi et al[100]. A com-
prehensive illustration of kinetic simulations for a wide class of reactions, including
dissociative recombination and radiative association processes, shows that StarRate is
an e ective tool for calculating reliable phenomenological rate coe cients and branch-
ing ratios useful to predict the relative abundances of the interstellar molecules detected
in the ISM as products of complex multi-step reaction mechanisms. The program is
written in the F language, a subset of the Fortran 95 language. It has been conceived
in the object-based programming paradigm and it shows a modular structure. It is
indeed based on four main modules_out , molecules, steps and reactions which
handle the molecular species, the elementary steps and the entire reaction scheme.
Data parsing is performed through a python scriptG2R.py and all the information
necessary to run the kinetics calculation are collected through an XML format interface
which allow interoperability with popular electronic-structure packages and with the
graphical interface of the Virtual Multifrequency Spectrometer (VMS). This Chapter

is based on an article already published [3]. At the end of the chapter, more recent
and future implementations are discussed that allow a wider range of reaction types to
be studied.
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A General User-Friendly Tool for Kinetics Calculations
of Multi-Step Reactions within the Virtual Multifre-
guency Spectrometer Project

2.1 Introduction

Calculation of chemical kinetics in the gas phase by accurate theoretical models is
extremely important in research areas like atmospheric chemistry, combustion chem-
istry and astrochemistry. As a matter of fact, the accurate prediction of reaction rates
and the evolution of the involved species in a given set of physical conditions is a key
feature for understanding the presence of a molecular or ionic species in that envi-
ronment. Sometimes the reactions involved are too fast to be tracked by laboratory
experiment or the associated physical conditions are simply not reproducible, hence
the understanding of those reactions relies on accurate theoretical treatments capable
of predicting the evolution of the species involved in a reaction network.

A rigorous treatment of the time evolution of a chemical reaction should be based on
guantum-dynamics calculations modeling the motion of the involved nuclei on ab initio
potential-energy surfaces [101, : ]. However, exact quantum-dynamics methods
are only applicable to very small systems made up of 3 or 4 atoms (see for instance Refs.
[104, , ]). For the remaining systems the vast majority one can either opt
for approximate methods, such as the Multi-Con guration Time-Dependent Hartree
(MCTDH) [107] or the Ring Polymer Molecular Dynamics [108] (which can however
extend this limit only marginally), or for a (quasi-)classical treatment of the nuclear
motion [109, , ]

On the other hand, a less expensive yet reliable route to chemical kinetics is the adop-
tion of statistical models, such as the popular transition-state theory (TST) in one of
its variants, which successfully exploits information on the energetics of a limited set
of important points of the potential energy surface to predict the kinetics of chemical
reactions. The usual procedure in this framework involves the calculation of transition
states and intermediates of a given reactions and a description of the motions at molec-
ular level of these species. Then classical or semiclassical transition state theory (TST)
is applied to calculate the reaction rates of each of the elementary steps making up the
whole reaction (the Rice-Ramsperger-Kassel-Marcus (RRKM)[112, , ] theory,
shortly summarized in the following, is usually adopted for unimolecular reactions in
the gas-phase). Finally, the time evolution of the relative abundances of each of the
reactant, intermediate and product species is calculated using methods based on either
master-equation or stochastic approaches.

In this paper, we discuss the implementation of the computer program StarRate for ki-
netics calculations of multi-step chemical reactions, and its integration in the graphical
interface of the user-friendly, multipurpose framework Virtual Multifrequency Spec-
trometer (VMS) [115]. The Virtual Multifrequency Spectrometer (VMS) is a tool that
aims at integrating a wide range of computational and experimental spectroscopic
techniques with the nal goal of disclosing the static and dynamic physical-chemical
properties of molecular systems, and is composed of two parts: VMS-Comp, which
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provides access to the latest developments in the eld of computational spectroscopy
[116, ], and VMS-Draw, which provides a powerful graphical user interface (GUI)
for an intuitive interpretation of theoretical outcomes and a direct comparison to ex-
periment [118]. We discuss the integration of StarRate within the VMS tool and il-
lustrate some features of the developed software through two important reactions: the
single-step interconversion of hydroxyacetone and 2-hydroxypropanal, and the more
challenging multi-step dissociation of vinyl cyanide. It is worth mentioning here that
the reported calculations were performed to the purpose of illustrating the developed
computational software, and that providing new accurate results on the above reactions
for comparison with experiment is beyond the scope of this work.

The article is organized as follows. Section is devoted to computational details
of the developed software. In Sections and , We address the kinetics for the
above mentioned reactions. In Section 2.5, conclusions are drawn and perspectives are
outlined.

2.2 Computational details: StarRate and the VMS
tool

StarRate is an object-based, modern Fortran program for modeling the kinetics of
multistep reactions. At its current stage of development, StarRate targets multi-step
unimolecular reactions (which can however dissociate, irreversibly, to multiple prod-
ucts).From a technical point of view, the program is written in the so-called "F language'
[119, ], a carefully crafted subset of Fortran 95, and is conceived in an object-based
programming paradigm. As described in deeper detail in Ref. [100], StarRate is struc-
tured in three main modules, namelymolecules, steps and reactions , which re ect

the entities associated with a multi-step chemical reaction. All of these modules contain
a de ned data-type and some related procedures to access and operate on it. The main
program, StarRate, controls the sequences of the calling of the procedures contained
in each of the three main modules.

Another important module of StarRate isin_out , which handles the input and output
operations of the program. Input data are accessed by StarRate through an XML
interface based on the same versatile hierarchical data structure that is adopted by
VMS. At the beginning, the user has to prepare a very simple input le encoding a
reaction scheme (see the starrate.inp box in Fig. ) and gather all the les, one for
each molecular species, containing data deriving from electronic-structure calculations.
These can be either in an internal standard format or directly output les of quantum-
chemistry packages,as exempli ed in Fig. for the case of the Gaussian package.
Currently StarRate supports output les from this quantum-chemistry package (.log
extension), though support for other popular electronic-structure programs is presently
being pursued (see also Refs. [121, ] on the issue of interoperability and common
data formats in quantum chemistry). Then a Python script is run which extracts data
from the output les generated by the quantum-chemistry calculations and, driven by
the reaction scheme, collects the information in the proper sections of the XML le.
The structure of the XML interface is schematized in Fig. . The whole XML doc-
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Figure 2.1: Diagram showing the interoperability between electronic-structure calcu-
lations, StarRate, and VMS through a dedicated hierarchical data structure XML
interface.

ument develops under a root element nameescdata. The escdata has one child
element for each molecule namegkction_run . Each of these elements contains three
nodes: program_info , section_system , and system_single_configuration_cal-
culation . All the information regarding a molecule is handled by these three sibling
nodes. Theprogram_info node contains two subnodes which keep track of quantum
chemical software name and .log le location. Theection_system node contains ba-
sic information which does not require quantum chemical informatiorviz., molecular
charge, spin multiplicity, atom label, atomic numbers, rotational constants). The last
sibling, system_single_configuration_calculation contains information which re-
quires quantum chemical calculationsyz., vibrational constants, SCF energy, density
of state data). Finally, the last section_run collects information on physical condi-
tions and on the reaction under study. For illustrative purposes, the actual .xml le
for the reaction studied in Section IS given as supplementary material.

Once the XML has been generated, the StarRate program comes into play. The module
in_out reads the XML le (a well-built external Fortran library, FoX_domil23], is used
for XML parsing) and saves the data for each molecule and step as structured arrays of
the molecules and steps modules, respectively. Some information such as vibrational
frequencies, rotational constants, electronic energy, are collected from the electronic-
structure calculations; some other information such as densities of states (see later on)
and single-step microcanonical rate coe cients are either also read as input data or
computed internally to StarRate. Lastly, the reactions module solves the kinetics
for the overall reactions using a chemical master equation method. At the end of the
calculations, VMS is used to access, visualize and analyze the data produced thanks
to the shared XML interface (see Fig. 2.1).
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Figure 2.2: Hierarchical data structure of the XML interface.

2.3 Single-step reactions

The interconversion reaction between hydroxyacetone and 2-hydroxypropanal is an im-
portant reaction in the context of atmospheric chemistry because the hydroxyacetone
represent the simplest form of photochemically oxidised volatile organic compounds
[124]. In a recent study, Sun et al. [125] have considered the interconversion mecha-
nisms on several hydroxycarbonyl compounds, and much attention has been focused
on the interconversion reaction between hydroxyacetone and 2-hydroxypropanal. This
Isomerization reaction can occur through three di erent mechanisms, 2 high-barrier
multistep processes and, as shown in Fig. , & direct mechanism via double hydride
shift involving a low-barrier concerted transition state. In their work, Sun et al. also
supposed that hydroxycarbonyl compounds can adsorb solar radiation, as carbonyl
compounds, from 320 to 220 nm and then undergo an internal conversion to the vi-
brationally excited ground state with an energy more than su cient to overcome the
iIsomerization barrier, and computed RRKM microcanonical rate coe cients in order to
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Figure 2.3: Direct isomerization reaction mechanism between hydroxyacetone and 2-
hydroxypropanal.

understand how much the isomerization reaction is favored with respect to collisional
deactivation and fragmentation processes at a given excitation energy.

Within the RRKM theory [112, : ], the microcanonical rate coe cient for the
reaction of Fig. is given by the equation [126]
_ N*%(E)
K(E) = h (E) (2.1)
where Z.
N*(E) = *(E9 dE® (2.2)
0
In Egs. and h is Planck's constants,N*(E) is the sum of states of the tran-

sition state (TS) (computed by excluding the normal mode with imaginary frequency
under the assumption that the motion along the reaction coordinates is separable from
that of the other modes), and (E) and Z*(E) are the density of states (DOS, i.e.
the number of rovibrational states per energy interval) of the reactant molecule and
transition state, respectively. As apparent, a central quantity in this framework is the
molecular rovibrational density of states of the involved molecular species. This can
be easily worked out by convoluting its rotational and vibrational counterparts [127].
In the present version of the program, a classical expression is used for the rotational
DOS (see [100] for details), while the vibrational DOS is evaluated at uncoupled anhar-
monic level by adoption of the Stein-Rabinovitch[128] extension of the Beyer-Swinehart
algorithm[129]. An improved version of Eq. accounts for the tunneling correction
by using a modi ed version of the sum of stateN?(E) of the TS. A common and
e cient way of including tunneling is by means of the asymmetric Eckart barrier [130].
Within this model, the sum of state of the transition state is rede ned by
YA E Vo
Ntfmn (E) = v Z(E E%Ptunn (EC) dEO (23)
0

where N, (E) is a tunneling-corrected version of the sum of state of the TS and
is the classical energy barrier for the forward reaction. The quantitfy., (E9 is the
tunneling coe cient at the energy E® and is given by the expression

sinh(a) sinh(b)
sinh?((a+ b)=2) + cosh?(c)

Pumn (E9 = (2.4)
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where,a, b and c are parameters de ned by:

4 pE0+ Vo 4 pE0+ V, > Vo1 1
a= ; b= ; C=2 — (2.5)

h (Vo 2+, 7)) : (h)? 16

1
hi(Vo *+Vy ?)

Here, V; is the classical energy barrier for the reverse reaction, andis the magnitude

of the imaginary frequency of the saddle point (in Egs. 2.th = 1 if the energies are
expressed, as in this work, in cm').

For illustrative purposes, we computed the microcanonical rate coe cient for the direct
and inverse reaction of Fig. , both with and without tunneling correction. To this
purpose, the three molecular species were modeled by density-functional theory with
the B2PLYP-D3/jun-cc-pVTZ model chemistry. According to our calculations, the
forward reaction is exoergic byil719cm ! with a barrier of 16448cm * (the barrier for
the backward reaction is14729cm ). The resulting microcanonical rate coe cients
k(E) are plotted in Fig. (on a logarithmic scale) for the forward (blue line) and
backward (red line) reaction as a function of the energy relative to the hydroxyacetone
zero-point energy. In the same gure, the dashed curves are the tunneling-corrected
ones. As apparent, the tunneling correction enhances the reaction rate both in the for-
ward and backward direction, more visibly nearby the threshold region, thus lowering
the actual value of the reaction threshold in both directions.

Figure 2.4: Microcanonical rate coe cients for the backward (red color) and forward
(blue color) isomerization reaction of hydroxyacetone and 2-hydroxypropanal (Fig. )
as a function of the energy relative to the reactant zero-point energy. Dashed lines are
the tunneling-corrected versions of the rate coe cients.

The thermal rate coe cient can easily be computed from the microcanonical rate

49



coe cients using the following equation:
1 41
Q(T) o
with Q(T) being the partition function of the reactant species. The computed thermal
rate coe cients for the forward reaction (isomerization reaction of hydroxyacetone

to 2-hydroxypropanal) in the temperature range 151-501 K are given as Arrhenius
plot (log,o k(T) versus1=T) in Fig. . Results are reported both neglecting (blue

k(T) = k(E) (E)e E*sTdE : (2.6)

Figure 2.5: Arrhenius plot of the computed thermal rate coe cient (both neglect-
ing and including tunneling) for the isomerization reaction of hydroxyacetone to 2-
hydroxypropanal (Fig. ) and of the Arrhenius and Arrhenius-Kooij best- tting
curves.

triangles) and including (blue circles) tunneling. These data can be tted to the popular
Arrhenius equation:

K(T) = Ae = (2.7)

(with A being the pre-exponential factor,E, the activation energy, andR the gas
constant) or to the more re ned Arrhenius Kooij formula [131] (also known as modi ed
Arrhenius equation [132]) allowing for a temperature dependence of the pre-exponential
factor:

k(T)= (T=300)e ~' ; (2.8)

which essentially implies a linear variation of the activation energy with the tempera-
ture, E;=R =+ T . The Arrhenius best- tting curve for both the tunneling-corrected
and no-tunneling data are shown in Fig. as dashed black line and solid black line,
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respectively. The Arrhenius-Kooij best- tting curve for the tunneling-corrected data is
also reported as a red dashed line in the same Figure, while the best- tting parameters
together with the associated coe cient of determinationR? are given in Table

Arrhenius (Eg. ), no tunneling

Ais?h Ea=R (K) R?
1.01 10% 23636.0 1.0000
Arrhenius (Eq. ), with tunneling

A(s?t Ea=R (K) R?
912 10 21752.9 0.9973
Arrhenius Kooij (Eq. ), with tunneling

(s 1) (K) R?

1:20 10 21.4 16000.4 0.9992

Table 2.1: Results of the t of the Arrhenius and Arrhenius
Koolij equations to the computed thermal rate coe cients for the
isomerization reaction of hydroxyacetone to 2-hydroxypropanal
in the temperature range 151-501 K.

As evident from Fig. and Table , the Arrhenius equation perfectly ts the
thermal rate coe cients calculated by neglecting tunneling, yielding é&R? = 1:0000and
an activation energy of 16428 cmt that compares well with the computed reaction
barrier. On the contrary, the tunneling-corrected thermal rate coe cients show a
deviation from linearity with decreasing temperatures. As a result, the Arrhenius
expression yields a worse best- tting curveR? = 0:9973 and a lower activation energy
of 15120 cm?, while a better tting is obtained through the Arrhenius-Kooij equation
(R? = 9:9992, which gives an activation energy of 14839 cm at T = 250 K and of
13352 cm?! at T = 150 K.

2.4 Multi-step reactions

The dissociation of vinyl cyanide (VC, GH3N), is particularly interesting because it
involves multiple reaction channels and di erent sets of products (HCN, HNC, HCCH,
and :CCH,) and hence it serves as a very good test case for master-equation based
kinetic models. The potential-energy surface for this reaction has been investigated
in a recent work by Homayoon et al. [133] througlab initio CCSD and CCSD(T)
calculations with the 6-311+G(2d,2p) and 6-311++G(3df,3pd) basis sets. In the same
work, a reaction scheme involving ten unimolecular steps, three of which reversible, was

proposed. The ten reaction steps are summarized in Table , While the associated
reaction diagram is given in Fig.
As shown in Fig. and Table 2.2, VC can directly dissociate to product sets :CgH

+ HCN and HCCH + HCN through steps 1 and 2 (the only direct dissociation paths),
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Reaction step

E,/cm 1

10

Kas
VC GGEEEEFCCH; + HCN

ka
VC @GR CCH + HCN

K
VC aRabeintl-lll
Kt

Kas

Int1-111 GCEEEERACCH + HCN

K
VC Ee@intl-Iv
Kt

Ker
Int1-1V GGEGEGEACCH + HNC

K
VC EEEEBINtl-V
k¢

k8f
Int1-V @G333FCCH, + HNC

Kof

Intl-1l GGEEAEFCCH, + HNC
k10f

Int1-11l GGEGAABCCH + HNC

35185

41271

20076

32947

37494

12521

36724

19727

31128

32912

Table 2.2: Reaction steps involved in the dissociation mechanism
of vinyl cyanide considered in this work. The associated activa-
tion energies (relative to the zero-point energy of the reactant of
each step) are also given.

or lead to formation of reaction intermediates Int1-lll (the most stable one), Int1-1V,
and Intl1-V, further evolving to products. On the other hand, product HNC can only
be formed via indirect dissociation paths involving the above mentioned intermediates.
A screenshot of VMS showing the structures of all the molecular species involved in
this reaction is given in Fig.

Within a master-equation approach (see for instance |

]), to determine the time

evolution of the relative abundance of the involved species, initially a matriX , is set
up by opportunely combining the microcanonical rate coe cients at a speci ed energy.
In particular, the diagonal elementsK; contain the loss rate of specieg while the
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Figure 2.6: Reaction diagram for the dissociation of vinyl cyanide yielding HCN, HNC,
:CCH,, and HCCH. All energies are relative to the reactant zero-point energy.

o -diagonal elementsK;; contain the rate of formation of species from specieg. The
rate of change in the concentration of each species is given by the vector di erential

equation:

dc
— = Kc 2.9
ot (2.9)
where c is the vector of the concentrations of the species at time This is a lin-
ear di erential equation and can be solved by diagonalization df. In terms of the

eigenvector matrixZ and eigenvalue vector , the solution of Eq. reads:
c(t) = Ze 'Z c(0) (2.10)

where,c(0) is the concentration vector att = 0. In this model, a fundamental hypoth-
esis is that collisional relaxation occurs on time scales much shorter than those that
characterize phenomenological kinetics [135]. It is worth mentioning here that a more
general version of the master equation would involve diagonalizing a much larger ma-
trix explicitly including collisional relaxation [134]. However, if the above mentioned
hypothesis holds, the resulting eigenvalues would appear in two separated sets: one
made up by so-called internal energy relaxation eigenvalues (IEREs) and one made
up by so-called chemically signi cant eigenvalues (CSEs). These last eigenvalues, that
relate to the phenomenological kinetics of interest in interstellar space and atmospheric
studies, would be identical to those obtained by solving Eq.

By using the methodology described, we computed the evolution of species with respect
to time through the StarRate program using the structural parameters of the species
given in Ref. [133], and computing the microcanonical rate coe cients through Eq.
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Figure 2.7: Structures of the reactant molecule (top left corner), intermediates (remain-
ing frames in the top row), and transition states (second and third rows) visualized
through the VMS software.

. For the reader's convenience, we give the full form of the matrik for this reaction
(please note that expressions in square brackets, though spanning several rows, relate
to single matrix elements and are shown as such to give a compact picture of the
matrix):

0 2 VC 3 HCCH :CCH », HCN Int1-111 Int1-1vV HNC Int1-V 1
kit + Kot
4 +kg + ksr O 0 0 0 K3p Ksp 0 k7b

+ kot
k2f 0 0 0 k4f + klof kGf 0 0
Kt 0 0 0 Kot 0 0 Kgt

klf + sz 0 0 0 k4f 0 0 0

Kap + Kaf

Kat 0 0 0 e e 0 0 0
Kst 0 0 0 0 ksp + K 0 0
0 0 0 0 Kot + Kiof Ket 0 Kgt
K¢ 0 0 0 0 0 0 k7p + Kgt

In our calculations, the initial concentration of VC was taken as 1.0 and the concentra-
tion of other species was set to 0.0. The relative abundances of the involved species as
a function of time are plotted for two energies, namelff = 51764cm * and E = 62000

cm 1, in Figs. and 2.9, respectively.

By inspection of the plots, a rst remark is that there is a sudden spike of the concen-
tration for Int1-I1l in a very small time range for both energies. This is because Step

3 involves a low activation energy (20076 cm) compared to Intl-1V (37494 cm?)

and Int1-V (36724 cm 1), and the intermediate Int1-11l is relatively stable compared

to the other two (the stability of Int1-I1l is also re ected by the long sigmoidal tail of

the plot). At the considered energies, these last two species are virtually never present
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Figure 2.8: Relative abundance of the species involved in the dissociation of vinyl
cyanide as a function of time at energf = 51764 cm ! relative to the reactant zero-
point energy.

and as soon as formed evolve into products. The reaction paths involving these two
intermediates (the only ones leading to formation of HNC) become increasingly impor-
tant at E = 62000cm 1; in fact, while the branching ratio HCN/HNC tends to a value

of about 2.5 atE = 51764 cm !, a branching ratio of 1.9 is obtained atE = 62000
cm 1. The predicted branching ratio atE = 51764 cm ! nicely compares with the
experimental estimate of 3.3 of Ref. [136] and the theoretical one of 1.9 of Ref. [133]
(where, however, only vibrational densities and sum of states were taken into account
in the calculation of the microcanonical rate coe cients), substantially improving over
former theoretical calculations yielding a branching ratio of over 120 [137].

An interesting feature o ered by VMS, is that of visualizing matrices in a "heat-map'
fashion through a color palette re ecting the actual value of the elements. A heat-
map of K for the rate coe cient at E = 62000cm ? is given in . Looking at the
rst column and recalling the meaning of theK;; elements, one can see that VC is
directly converted to all the remaining species except HNC. The highest conversion
rate (darkest gray) is towards Int1-11l, while the rate of formation of the other two
intermediates from VC is slower due to higher activation energies. Direct conversion
to product sets containing HCN is also fast. On the contrary, as already mentioned,
HNC is not formed directly from VC (blank square in position 7,1). Looking at the
whole matrix, the darkest squares are those of the matrix elements connecting Int1-1V
and Int1-V to products, due to the associated lowest activation energy. This is in line
with the fact that, as also shown by Fig. , these intermediates evolve rapidly to
products.
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Figure 2.9: Relative abundance of the species involved in the dissociation of vinyl
cyanide as a function of time at energf = 62000 cm ! relative to the reactant zero-

point energy.

Figure 2.10: Color map of the transitionK matrix at energy E = 62000cm ! relative
to the reactant zero-point energy as visualized in the VMS software. For each element
of the matrix, the value of jlog,,Kj j in s ! is plotted according to the gray scale at

the right-hand-side of the plot area.

56



2.5 Conclusions

In this paper the implementation of a computer program for chemical kinetics of multi-
step reactions and its integration with the graphical interface of the Virtual Multifre-
guency Spectrometer has been discussed. The developed computational machinery is
built around an input/output interface using a hierarchical data structure based on
the XML language and shared in common with VMS. Details are given on the imple-
mentation of the calculation of microcanonical rate coe cients for the single steps of a
unimolecular reaction, and on the modeling of the time evolution of the relative abun-
dance of the involved species. The main features of the program have been illustrated
through two example reactions, namely the atmospherically relevant interconversion
between hydroxyacetone and 2-hydroxypropanal, and the production of HCN and HNC
by dissociation of vinyl cyanide. Work is ongoing in our laboratory to account for bi-
molecular entrance channels, enhance the potentialities of the program, and integrate
it in virtual-reality environments [138, I
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2.6 New developments

In this section is reported a brief discussion about the implementation in StarRate
of new features for the treatment of bimolecular reactions, the tunneling e ect, the
anharmonicity and the models for the description of the radiative emission which are
currently underway.

As regards the bimolecular treatment, the capture models which have already discussed
in Sec. 1.3.4 are capable of describing the ion-molecule and radical-molecule reactions.
These reaction classes are the most important in Astrochemistry since most of the
identi ed molecular species are ions or radicals. The canonical and microcanonical
formulation of the models used to compute the rate constants for these reaction classes
have been implemented and are being tested using the LDA and the Gorin formulas.
In the following subsection 2.6.1 is provided the microcanonical formulations of the
capture models implemented in StarRate, while the canonical formulations have already
been given in subsection 1.3.4.

Concerning tunneling, the ZCT model has been implemented and tested only for single-
step reactions using the formulation described in Sec. 1.3.5. The implementation of
the SCT model is also planned as it has proven to be more accurate for the description
of tunneling, which is fundamental at the very low temperatures characterizing the
ISM. Indeed, for those multistep reaction channels which have barriers slightly above
the reactant limit, tunneling plays a fundamental role in de ning the competition
with other reactive channels having similar reaction barriers. In Fig. is depicted
the above mentioned case. The reaction steps involvinBS1 and TS3, which are
highlighted in red, are the rate determining steps for which the choice of tunneling
model will determine the accuracy of the nal branching ratios.

Figure 2.11: Reaction pro le of chemical reaction pathways having high energy barriers
overcoming the reactants asymptotic limit.
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However, for barrierless reactions with submerged transition states, all species involved
are highly vibrationally excited. At high values of vibrational energy the e ect of
anharmonicity on the structure of the vibrational levels of molecular systems becomes
stronger and stronger. In Fig. is reported an approximate representation of the
anharmonic vibrational level of each species involved in a multistep reaction. As can
be seen, the anharmonic description of the vibrational levels considerably modi es the
DOS for all the species involved in the reaction. It is therefore very important to take
these e ects into account as they could signi cantly a ect the rate constant values. The
accurate computation of the DOS and the partition functions becomes crucial to obtain
reliable and accurate rate constants. So, the methodology that will be used to take into
account the anharmonic correction performed by StarRate will involve the combination
of the anharmonic ZPE, the fundamental vibrational frequencies calculated at the
anharmonic level with the Stein-Rabinovitch model to determine the DOS through the
separable Morse oscillator model, which is satisfactory for small molecules as is the
case for molecules of astrochemical interest[985].

Figure 2.12: Representation of a multistep reaction which highlights the e ect of an-
harmonicity on the distribution of vibrational levels for all stationary points of the
reaction pro le.

As already discussed in Sec. 1.3.6, given the low pressures characterizing the ISM,
the collisional stabilization due to the thermal bath becomes ine cient. To stabilize,
reactive systems must therefore release excess vibrational energy through radiative
emission, which in the case of radiative association reactions between radicals plays
a fundamental role. This process guarantees the depopulation of the most excited
vibrational levels making the backward dissociation reaction disfavoured. In Fig.
Is shown a graphical representation of the stabilizing e ect for an association reaction
between two initial reactants A e B. On the left side is depicted the highly vibrationally
excited system where all the levels are populated, on the right side the system is
represented after that the radiative emission occured indeed the distribution of the
population changed and the lower levels results to be more populated.

The stabilizing e ect of the radiative emission for the ion-molecule and radical-
molecule association processes whose formulation was discussed in section 1.3.6 has
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Figure 2.13: Representation of the stabilization e ect due to the radiative emissiork;
and ky, are the forward and backward (or back-dissociation) rates for the bimolecular
association step.

been implemented and is currently under testing.
In Fig. is provided a schematic representation of future (currently in progress)
implementations.

Figure 2.14: Mind map of the features currently under implementation in StarRate.
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2.6.1 Bimolecular steps

Given the reversible barrierless association reaction:
K
A+ B [E33EC
Kp
We can computek; using the capture models depending on the nature of the interacting

reactants. To compute the back-dissociation rate coe cients we can rely on the detailed
balance principle:

ki(A+ B GXIC) (A+B)= ky(C G+ B) (C) (2.11)

Depending on the nature of the reactants the derivation and formulation d&; and ky,
will be di erent. There are two types of bimolecular reactions primarily important in
astrochemical context: ion-neutral and neutral-neutral reactions.

Radical-molecule reactions

The capture cross section for the radical-neutral or neutral-neutral collision varies by
R © where,R is the distance between the two neutral fragments. The corresponding
microcanonical rate constant is given by:

1
E. ©
2

where, C;s is the e ective collisional coe cient, E. is the collisional energy, is the
reduced mass of the two fragments [140].

K(E) =3 pCg (2.12)

lon-molecule reactions

In one of the standard capture models for ion-dipole reactions, based on the locked-
dipole approximation (LDA), the dipole moment is assumed to be locked with the
energetically favorable orientation along the collision axis, which results in the long
range interaction potential:

¥ eaq -0+

Vinat (R) = 2.13
LDA;I ( ) 8 0R4 4 0R2 2R 2 ( )

The LDA leads to an expression for the energy dependent rate constant:

e
Kioa (Ec) = k. + TpL (2.14)
22 0 E c
wherek, is Langevin rate constant which can be rewritten in this way:
r— P
— 249 p

kKipa (Ec) =29 —+ pP— (2.15)

E.
where q is the charge of the ion, is the polarizability of the neutral species, is
the reduced mass of the ion-neutral pair, p is the permanent dipole moment of the
neutral speciesk. is the collisional energy[141].
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Chapter 3

Gas-Phase Formation and
Isomerization Reactions of
Cyanoacetaldehyde, a Prebiotic
Molecule of Astrochemical Interest

In this Chapter is proposed a kinetic investigation carried out with the StarRate pro-
gram of a possible gas-phase formation and isomerization reaction of Cyanoacetalde-
hyde (NC-CH,CH=0), a prebiotic molecule of astrochemical interest supposed to be
involved in the synthesis of nucleobases when reacts with urea in solution but not yet
detected in the ISM. The barrierless radiative association reaction between the two rad-
ical fragments formyl(HCO) and cyanomethyl(CHCN) has been investigated through

a DFT quantum chemical approach combined with the application of the 'Cheap’ com-
posite scheme to model the accurate energetics of the reaction pathways. Our results
indicate that the direct association of the two reacting radicals (HCO and C}CN) is
strongly exothermic and thus thermodynamically favoured under the harsh conditions
of the ISM. The StarRate program has been employed to compute the relative abun-
dances of the reaction products as a function of time and energy in order to determine
which of all the isomers considered in the reaction mechanisms resulted to be the most
abundant. Radiative emission rates of the association product have been computed in
order to prove that the initial association reaction between the two radical fragments
was e ective and that the reaction product would not dissociate towards the reactants.
From the kinetic results, the two main products of the reaction appear to be theis
and trans isomers of cyanoacetaldehyde, with ais/trans ratio equal to 0.35:0.65 in
an energy range compatible with those of the ISM. This Chapter is based on an article
already published by Ballotta et. al [142].
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3.1 Introduction

The discovery of pyrimidine traces in carbonaceous meteorites in 1979 attracted a lot
of attention to the study of possible synthetic pathways for this important sca old

of RNA and DNA bases. During the years, several models have been proposed and
experiments have been performed in order to simulate conditions resembling those of
the Interstellar Medium (ISM) or primitive Earth for the formation of molecules such

as purine and pyrimidine from so-called complex organic molecules (COMS).

In this context, the involvement of cyanoacetaldehyde in the synthesis of the pyrimi-
dine bases has been investigated for a long time. Early experimental studies in aqueous
solution were performed already in 1968 by Ferris et al.[143], who suggested a prebi-
otic synthesis of pyrimidine starting from cyanoacetylene and cyanate, because of their
supposed high abundances in the primordial soup and, for B, also in Titan's at-
mosphere. However, a few years later (1973) Ferris et al.[144] described an alternative
route to formation of the same molecule starting from the condensation of cyanoac-
etaldehyde and guanidine to form 2,4-diaminopyrimidine that hydrolyzed to cytosine
and uracil, and suggested that this route might be favoured with respect to the former
one due to the lower tendency of cyanoacetaldehyde and guanidine (with respect to
cyanoacetylene and cyanate) to react with other nucleophiles, thus featuring a greater
stability as starting materials.

Since then several alternative synthetic routes to pyrimidine have been proposed which
included other cyanoacetaldehyde reaction partners such as urea.[145] Robertson et
al.[146] suggested to use concentrated urea solutions (similar to those found in evap-
orating lagoons or in pools on drying beaches on the early Earth) in order to favor
the reaction with cyanoacetaldehyde to form cytosine in yields of 30-50%. Addition-
ally, theoretical investigations have been undertaken to study the possible pyrimidine
and purine synthetic routes [147]. For example, Kaur and Sharma [148] have per-
formed computational simulations, using Density-Functional Theory (DFT), of the
possible free radical ammonia-mediated pathways for cytosine and uracil formation,
where cyanoacetaldehyde plays a key role, and, more recently, a computational study
of water-catalyzed synthetic route to pyrimidine bases starting from cyanoacetaldehyde
and guanidine has been presented [149].

Due to its relevance in the above discussed reactions, cyanoacetaldehyde (and its
enolic isomers) has been the subject of computational and experimental IR[150] and
Microwave[151] spectroscopic characterization, in order to facilitate its search in the
ISM by comparison of laboratory spectra with those recorded by modern and powerful
telescopes. These studies also showed that cyanoacetaldehyde conformers are more
stable than the enolic isomers due to the presence of a nitrile group which weakly
interacts with the hydrogen atom of the carbonyl group.

Despite all these e orts, cyanoacetaldehyde has not yet been detected in the ISM. A
mandatory step for a better assessment of the role of this important molecule in the
ISM is the investigation of the possible mechanisms for its formation. A computational
study reported on a gas-phase model for the cyanoacetylene hydrolysis reaction, con-
sidered as a fundamental step for the formation of cyanoacetaldehyde [152]. However,
the activation energy for the addition of water to the cyanoacetylene triple bond turned
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out to be too high, so that this reaction channel should be closed under the extreme
conditions of primitive Earth and ISM. This led the authors to hypothesize a catalytic
process on a grain surface which is able to decrease the activation energy.

In the present study we suggest an alternative mechanism for the formation of cyanoac-
etaldehyde, involving two radicals already detected in the ISM, namely cyanomethyl
(CH,CN) and formyl (HCO), and focus on the chemical evolution of cyanoacetalde-
hyde. In particular, the isomerization mechanism of cyanoacetaldehyde and its cyanoviny-
lalcohol isomers, which are formed in equilibrium with cyanoacetaldehyde, is also ana-
lyzed. Moreover, some cyanoacetaldehyde dissociation reaction paths are investigated
in order to determine if such dissociation products are more stable than cyanoacetalde-
hyde. Finally, in order to provide a quantitative picture of the reaction progress, we
modeled the chemical kinetics of the reaction and computed the branching ratios for
all the isomers and reaction products with the help of the StarRate computer program,
[100, ] speci cally designed to study astrochemical reactions.

The article is organized as follows. In Sec. , the computational methods are de-
scribed. In Sec. , the computed reaction mechanism is discussed with reference to
the stationary points of the potential-energy surface (PES). In Sec. , the kinetics of
the reaction is addressed. Sec. is devoted to conclusions and perspectives.

3.2 Computational Details

On the grounds of previous experience, [154, , ] geometry optimizations and
zero-point corrected electronic energies of reactants, transition states, intermediates,
and products along the reaction pathways were obtained by the B2PLYP [157, IE
D3[159] double-hybrid functional in conjunction with the jun-cc-pVTZ basis set [160].
The stationary points on the reaction pathways were characterized as minima (reac-
tants, intermediates and products) and saddle points (transition states) based on vi-
brational frequency calculations. The transition states obtained were further con rmed
using intrinsic reaction coordinate (IRC) [161] scans at the same levels of theory. For
reference purposes, calculations were performed also using the rev-DSD-PBEP86 [162]
functional. This combination of functional and basis set will be referred to in the
following as rDSD.

After that, for all stationary points computed with the B2PLYP-D3 functional, im-
proved electronic energies were obtained by means of the "Cheap' composite method,
which includes core-valence correlation energy and complete basis set extrapolation
at the MP2 [163] level on top of CCSD(T) [164] energies computed with a triple-zeta

basis set [165, , , ], and has proven to provide absolute deviations from
sophisticated HEAT-like composite schemes within 2 kJ mot[154, ]. In detail:
ECheap - ECCSD(T)/VTZ + EMPZ/CBS + EMPZ/CV (31)
where 3 MP2=Qz 3= MP2=TZ
4EMTST FFEMTET -
MP2/CBS _ MP2=TZ
E = YEREE E (3.2)
and
E MP2/CV  _— E MP2/pCVTZ, a.e. EMPZ/pCVTZ, f.c. (33)
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with EMP2CV peing the energy correction due to the core correlation evaluated at

the MP2/cc-pCVTZ level. In Eq. , EMP2CBS s the MP2 correlation energy
extrapolated to the CBS limit by usingn 2 extrapolation formula applied to the cc-
pVTZ and cc-pVQZ basis sets[170, ]. A zero-point vibrational energy correction

based on B2PLYP-D3 calculations was applied to "Cheap' electronic energies, and DFT
vibrational frequencies obtained with the same functional were used for kinetics cal-
culations. All B2PLYP and rDSD calculations were performed using Gaussian09[172],
while "Cheap' calculations were performed using CFour [173, ]

Kinetics calculations were performed as described in Sec. with the help of the
StarRate program [100, ] interfaced to the Gaussian code through a versatile XML
interface (see also Refs. [121, ] on the issue of interoperability between electronic-
structure and dynamics/kinetics programs).

3.3 The potential energy surface

We start the presentation of our results by illustrating the computed mechanism for
the formation of cyanoacetaldehyde starting from two radicals widely detected in the
ISM, namely formyl (HCO) and cyanomethyl (CH,CN). A large part of the possible
isomerization and dissociation mechanisms of cyanoacetaldehyde has been included
in the mechanism, which is shown in full in Fig. . To simplify the analysis, the
mechanism has been divided in four parts, whose reaction mechanisms and PES pro les
are illustrated in Figs. - and commented in the following. Then, the reaction
paths in these four parts that are compatible with ISM conditions have been collected
for a comprehensive view in Fig. . Finally, the zero-point corrected energies of
the species involved in the whole reaction are summarized in Table reported in
Appendix A. Before moving to the analysis of the four parts of the overall reaction
mechanism, we note that the rDSD calculations outperform the B2PLYP ones when
compared to "Cheap' data, as indicated by root-mean-square (RMS) errors reported in
the caption to Table
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Figure 3.1: Comprehensive view of the reaction mechanism for the formation of
cyanoacetaldehyde from the formyl and cyanomethyl radicals considered in this ar-
ticle.
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3.3.1 Reaction Channel 1

Figure 3.2: Energetics of the isomerization of cyanoacetaldehyde conformersCA ,
2-CA), cyanovinylalcohol isomers 1-CVA , 2-CVA , 3-CVA , 4-CVA , 5-CVA | 6-
CVA ), Isoxazole and acetylcyanide AcC ). Dissociation to cyanoacetylene and water
(C+D ) is also included. Energies in kJ molt relative to the dissociation limit.

Reaction Channel 1 (violet frame in Fig. ) includes the association and isomer-
ization reaction path of cyanoacetaldehyde conformerd-CA , 2-CA ) to Isoxazole ,
acetylcyanide AcC ) and all the cyanovinylalcohol isomersi-CVA , 2-CVA , 3-CVA ,
4-CVA |, 5-CVA , 6-CVA ) obtained from keto-enolic tautomerization. The related
mechanism and PES pro le are reported in Fig. . Thé&+B critical point in the
reaction pro le represents the reactant asymptote (algebraic sum of the zero-point cor-
rected energies of the two radical fragments HCO and GBN) or dissociation limit.
The notation Prc in this and the following reaction schemes stands for pre-reactive
complex. In the following, all energies will be given relative to this value. When the
two reactants start to interact, they spontaneously give the two conformer$-CA at
-301.9 kI mol * and 2-CA at -305.0 kJ mol %, depending on the initial relative orienta-
tion of the incoming radicals. The geometry optimization leads to a barrierless attack
of the sp C eletrophilic center of HCO to thesp? C nucleophilic center in CHCN.
1-CA s slightly less stable than2-CA probably due to a destabilizing repulsive elec-
trostatic interaction between oxygen and nitrogen. Interconversion between the two
conformers is possible through rotation around the C-C single bond (throughS1b
with energy -295.4 kJ moll). As already mentioned, also the isomerization process
from 1-CA to Isoxazole has been studied. The transition statéfS1d, involving the
simultaneous transposition of the hydrogen from methylene to the nitrile carbon and
the attack of the nitrile carbon by carbonyl oxygen, has been found at 27.2 kJ mal
above the reactant asymptote, which makes this pathway unlikely in the ISM2-CA
can give keto-enolic tautomerization tdl-CVA through TS2b (involving transposition

of the hydrogen from methylene to the carbonyl oxygen) that lays at -54.2 kJ mdi.
From 1-CVA , two further isomerization pathways have been explored, related to the
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conformational isomerization towards2-CVA through TS3b and the isomerization
process towards the carbenic intermediattM1b through TS5b. According to our
calculations, only the rst isomerization process can occur in the ISM becau3&3b
lays below the asymptotic limit at -270.2 kJ mol. The other isomerization process
cannot occur becaus@S5b lays 21.9 kJ mol ! above the dissociation limit. Finally,
several other isomerization processes have been studied, such as the formatio&- of
CVA , 4-CVA (plus its dissociation toC+D ), 5-CVA , 6-CVA and AcC . Only the
two conformers,6-CVA and 5-CVA , can be formed through a complex isomerization
pathway which involves a relatively high energy transition statd S6b laying at 1.4 kJ
mol ! and two carbenic intermediatesM3b and IM4b . However, this is not expected
to be an e cient path as it involves a relatively high energy barrier of 289.7 kJ motl.

3.3.2 Reaction Channel 2

Figure 3.3: Energetics of the isomerization of cyanoacetaldehyde conformersCA ,
2-CA ) and cyanovinylalcohol isomers1-CVA and 2-CVA ) to isocyanoacetaldehyde
conformers (-ICA and 2-ICA ) and isocyanovinylalcohol isomers1-ICVA and 2-
ICVA ). Energies in kJ mol ! relative to the dissociation limit.

Reaction Channel 2 (green frame in Fig. ), involves the conversion, through isomer-
ization reactions, of cyano compounds to related isocyano compounds. Mechanisms
and PES pro le are given in Fig. . We found that most of the stationary points
ruling this reaction channel lay below the dissociation limit, thus o ering competitive
reaction paths with respect to the isomerization mechanisms of the Reaction channel
1. In analogy with Channel 1, also in Channel 2 the initial barrierless attack of the two
reactants to givel-CA and 2-CA and the keto-enolic tautomerization process to give
1-CVA and 2-CVA are included in order to make the explanation of the mechanism
clearer. Starting from1-CA and 2-CA , two isomerization processes were computed
to give 1-ICA at -2064 kJ mol ! and 2-ICA at -21Q9 kJ mol 1. 2-ICA is slightly
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more stable than1-ICA , probably due to a destabilizing repulsive electrostatic inter-
action between oxygen and nitrogen in the latter species. Two transition stategSla
and TS2a, related to the nitrile/isonitrile isomerization processes, have been found at
-44.4 kJ mol * and at -52.4 kJ mol 1. Also in this case, the interconversion between
1-ICA and 2-ICA has been studied. The conformational transition statdS3a, re-
lated to the interconversion process, has been found at -195.0 kJ miolMoreover, the
isomerization from isocyanoacetaldehyde2{ICA ) to isocyanovinylalcohol -ICVA )
has been investigated. Two possible pathways have been considered: the keto-enolic
tautomerization reaction from2-ICA to 1-ICVA through TS6a and the isomerization
from 1-CVA to 1-ICVA through TS8a. Based on our calculations, only the second
pathway can occur in ISM conditions, becaus&S8a lays at -40.1 kJ mol ' (TS6a
shows instead an energy of 52.5 kJ md)). Finally, the conformational isomerization
of 1-ICVA into 2-ICVA has been examined through two possible pathways: the rota-
tion around the dihedral angle included by HOCC, froml-ICVA to 2-ICVA through
TS7a and the nitrile/isonitrile isomerization from 2-CVA to 2-ICVA through TS9a.
Both pathways can take place in the ISM, as none of them exhibits an energy barrier
above the reactant asymptote.

3.3.3 Reaction Channel 3

Figure 3.4: Energetics of the isomerization of isocyanoacetaldehyde conformers, iso-
cyanovinylalcohol isomers 1-ICVA , 2-ICVA , 3-ICVA , 4-ICVA , 5-ICVA and 6-
ICVA ), Oxazole and acetylisocyanide FAcC ). Dissociation to H+D also included.
Energies in kJ mol ! relative to the dissociation limit.
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