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Titre: Astrochimie expérimentale: Cinétique des réactions
neutre-neutre a basse tempeérature et pertinence pour la chimie
des atmospheres planétaires et des nuages interstellaires

Résumé:

Les 50 derniéres années ont été caractérisées par le développement rapide de I'astrochimie.
Plus de 150 réactions entre espéces neutres ont déja été étudiées aux basses températures
qui sont celles du milieu interstellaire et des atmosphéres planétaires. Néanmoins, les
constantes de vitesse et la nature des produits restent inconnues pour de nombreuses
réactions potentiellement importantes pour caractériser ces milieux. Nous avons effectué des
études cinétiques pour des processus réactifs, et non réactifs entre des atomes dans un état
électronique excité [C(*D), O(*D) et N(?D)] et plusieurs molécules stables afin de quantifier leur
importance dans la chimie des atmosphéres planétaires. Nous avons aussi étudié la réaction
entre les atomes de carbone dans leur état électronique fondamental (3P) et I'eau, confirmant
I'importance, pour certaines réactions avec barriére, de I'effet tunnel pour la réactivité a basse
température. Les constantes de vitesse et les rapports de branchement pour ces processus
ont été déterminés dans la gamme de température entre 50 et 296 K en utilisant un appareil
CRESU, les atomes étudiés ont été produits par photolyse a I'aide d’un laser pulsé (PLP) et

détectés par fluorescence induite par laser dans I'ultraviolet du vide (VUV LIF).

MOTS CLES: astrochimie, cinétique chimique, réactions en phase gazeuse, atomes a I'état
excité, CRESU






Title : Experimental Astrochemistry: The kinetics of neutral-
neutral reactions at low temperature and their relevance to the
chemistry of planetary atmospheres and interstellar clouds

Abstract:

The last 50 years have been characterized by the fast development of astrochemistry as a science. To
date, more than 150 gas-phase neutral-neutral reactions have been investigated at low temperatures
relevant to planetary atmospheres and in cold regions of the interstellar medium. However, the rate
constants and nature of the products for many potentially important gas-phase processes remain
unknown. We performed kinetic studies of reactive and non-reactive removal processes between
electronically excited atoms [C(*D), O(*D) and N(?D)] with several molecules in order to quantify their
importance in the chemistry of planetary atmospheres. Furthermore, we also investigated the reaction
between carbon atoms in their ground electronic state (3P) with water, providing new evidence of a
guantum mechanical tunnelling mechanism at low temperatures, which could play an important role
in the chemistry of interstellar clouds. Rate constants and branching ratios for these processes were
determined over the 50 - 296 K temperature range using a CRESU (Cinétique de Réaction en
Ecoulement Supersonique Uniforme) apparatus coupled with pulsed laser photolysis (PLP) and vacuum

ultraviolet laser induced fluorescence (VUV LIF).

KEYWORDS: astrochemistry, chemical kinetics, gas-phase reactions, excited state
atoms, CRESU
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Résumé:

Pendant de nombreuses années, les scientifiques ont été sceptiques quant a la présence de molécules
dans l'espace interstellaire, principalement en raison des conditions physiques difficiles y régnant
(température, pression et champ de rayonnement a haute énergie). Cependant plus de 200 especes
ont déja été détectées dans le milieu interstellaire a ce jour, ce qui a donné naissance au domaine de
|'astrochimie, les astronomes cherchant a expliquer la présence de molécules dans les environnements
interstellaires. L'objectif principal de I'astrochimie est donc d'étudier la nature et le comportement des
espéces détectées en étudiant leurs processus de formation et de destruction dans divers
environnements astronomiques et éventuellement de prévoir quelles autres espéeces pourraient étre
présentes. Parmi ces processus, les réactions neutres-neutres en phase gazeuse jouent un réle
important. A ce jour, plus de 150 de ces réactions neutres-neutres en phase gazeuse ont été étudiées
a basse température correspondantes aux atmosphéres planétaires et aux régions froides du milieu
interstellaire. Toutefois, les constantes de vitesse et la nature des produits pour de nombreux procédés
potentiellement importants en phase gazeuse demeurent inconnues. Cette thése résume trois années
de travail doctoral a I'Institut des Sciences Moléculaires (ISM) au sein du groupe COMEX (Collisions
Moléculaires en Milieux Extrémes). Les installations expérimentales CRESU (Cinétique de Réaction en
Encoulement Supersonique Uniforme) ont été utilisées pour étudier la cinétique de plusieurs réactions
en phase gazeuse, d'intérét pour la communauté astrochimique, entre 50 K et 296 K. Ce manuscrit est

composé de cing chapitres répartis comme suit.

Le chapitre 1 présente |'astrochimie, le milieu interstellaire et les atmosphéres planétaires, en
particulier Mars et Titan (la plus grande lune de Saturne). L'importance des données cinétiques
(constantes de vitesse et rapports de branchement) pour les modéles astrochimiques est également

discutée. Ce chapitre établit les fondements des questions qui ont motivé ce travail expérimental.

Le chapitre 2 présente la cinétique des réactions en phase gazeuse et leur dépendance en température.
Les méthodes expérimentales employées pour étudier les réactions en phase gazeuse y sont décrites,
en particulier le dispositif CRESU utilisé dans ce travail pour les mesures cinétiques a basse température
(entre 50 et 296 K). Tout d'abord, un apercu général de la technique est donné suivi de la description
du mini CRESU de Bordeaux. Puis les techniques expérimentales de photolyse laser pulsée (PLP) et de
fluorescence induite par laser (LIF) utilisées dans ce travail pour produire et détecter les espéces
étudiées. Les espéces atomiques C(°P), C(*D) et O(!D) sont produits par PLP dans l'ultraviolet a partir
de différents précurseurs (CBrs ou O3). Dans le cas de la production de N(2D), nous proposons une

nouvelle méthode qui implique la réaction C(3P) + NO. Les espéces atomiques C(3P), O(*P) et N(’D) ont
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été suivies directement par VUV-LIF. Mais dans le cas de C(!D) les transitions électroniques dans la
gamme VUV accessible sont tres faibles et les cinétiques ont été étudiées par la détection de H ou D.
Le chapitre 2 se termine par un bref apercu des calculs de I'équation maitresse (Master équation)

effectués dans cette thése pour prédire les constantes de vitesse dans des conditions interstellaires.

Le chapitre 3 porte sur les réactions en phase gazeuse du carbone atomique (C(3P) et C(*D)) avec
plusieurs molécules. Les constantes de vitesse pour neuf réactions neutres-neutres et les rendements
en atomes d’hydrogene pour cing d'entre elles ont été déterminées. Tout d'abord, nous avons étudié
la réactivité de C(3P) + eau et I'eau deutérée pour déterminé le mécanisme de cette réaction caractérisé
par la formation d'un complexe de van der Waals (C...H,0) avant la présence d’une barriére.
Classiquement, seules les molécules ayant une énergie supérieure a la barriére peuvent réagir. Mais si
I'on tient compte des effets de la mécanique quantique, la réaction est possible méme pour les
énergies inférieures a la barriere par effet tunnel. Les constantes de vitesse pour les deux systemes
augmentent en dessous de 100 K avec une augmentation plus importante dans le cas de la réaction
C(3P) + H,0, un résultat attendu en raison de la plus faible efficacité de I'effet tunnel pour le deutérium.
Nous avons également déterminé la production de H et D a 52 K. Ces productions en atomes H et D
suggérent qu'une grande partie du complexe est stabilisée en collision avec le gaz porteur et ne
provoque pas de réaction. Des calculs statistiques en utilisant le programme MESMER (Master
Equation Solver for Multi-Energy Well Reactions) ont été effectués pour expliquer le mécanisme de
réaction et extrapoler nos résultats aux basses températures et pressions qui caractérisent le milieu
interstellaire, la constante de vitesse réactive étant égale 2 x 10° cm3 s1 § 10 K et & basse pression.
Cette constante de vitesse élevée permet d’expliquer l'abondance de I'eau dans les nuages

interstellaires denses.

Dans le chapitre 3, les réactions du carbone atomique dans son premier état excité (*D) avec CHg, CoH,
HD, CO,, NO et O, ont aussi été étudiées. Pour C(*D) + CHq4, nous avons mesuré des constantes de
vitesse du second ordre qui présentent une dépendance négative a la température. Ce comportement
s'explique par l'influence d'effets non-adiabatiques tels que le passage intersystéme de la surface
singulet a la surface triplet ouvrant une nouvelle voie de réaction et produisant une augmentation de
la constante de vitesse du second ordre lorsque la température diminue. Dans le cas de C(*D) + CyHe,
nous avons déterminé des constantes de vitesse de second ordre, dans toute la plage de température,
constantes de vitesse compatibles avec une réaction dominée par les forces a longue portée avec un
taux donnée pat la théorie de capture. Pour ces deux réactions, nous avons déterminé les rendements
de production de I'atome H dans le but de d’expliquer les mécanismes de ces réactions. Nous avons

obtenu des rendements en atomes H légerement supérieurs a un, ce qui suggere que plus d'un atome
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H est produit pour ces réactions, un résultat qui pourrait s'expliquer par la dissociation de certains
produits obtenus dans ces réactions. Les constantes de vitesse du second ordre pour la réaction C(:D)
+ HD présentent peu ou pas de dépendance avec la température dans la plage 50 - 296 K. Nous avons
également déterminé le rapport de branchement CD/CH, qui fournit des informations précieuses pour
sonder la dynamique de cette réaction en encourageant de nouvelles études théoriques. La réaction
de C(!D) + CO, présente une dépendance négative a la température et le résultat le plus probable est
la formation de produits CO (!X*) + CO (!Z*). Les réactions de C(!D) + NO et O, représentent un cas
particulier dans ce travail car C(!D) ne peut étre suivi directement et ces réactions ne produisent pas
d'atomes H. Pour étudier la cinétique, nous avons utilisé une méthode de tracage chimique dans
laquelle nous ajoutons une petite quantité fixe de H, au systéme pour produire des atomes H par la
réaction C(*D) + H,. Comme les constantes de vitesse du deuxiéme ordre ont été déterminées
indirectement, nous devons vérifier l'influence des réactions secondaires menant a la production
d'atomes d'hydrogéne qui pourraient affecter notre détermination des constantes de vitesse du
deuxieme ordre pour la réaction primaire. Des études expérimentales supplémentaires ont été
réalisées pour vérifier I'influence de ces réactions secondaires en utilisant différentes concentrations
de H; dans le cas de C(*D) + NO. Pour C(!D) + O,, nous utilisons du CH4 comme traceur chimique pour
éliminer le radical CH hautement réactif du réacteur et aussi parce que le O(*D) formé comme produit
dans cette réaction réagit avec le H, pour produire 100 % des atomes d'hydrogéne et réagit avec le CH,
pour ne produire que 20% des atomes d'hydrogéne. Les résultats de ces expériences supplémentaires
suggerent que les réactions secondaires n'ont qu'une influence mineure sur notre détermination des
constantes de vitesse de second ordre pour les processus primaires. Par ailleurs, nous avons également
réalisé des simulations numériques ou la contribution de toutes les réactions probables a été prise en
compte. Enfin, la dépendance négative de la température observée pour les réactions C(1D) + NO a été
expliquée a la lumiere des états d'orbite de spin car si cette réaction se produit adiabatiquement a
partir d'états d'orbite de spin spécifiques, il faut s'attendre a une dépendance marquée des constantes
de vitesse du second ordre avec la température. Comme C(!D) est cinq fois plus dégénéré, seules les
populations spin-orbit de NO changent avec la température et si la réaction entre C(*D) et NO dans son
état électronique fondamental est I'une des voies préférées, nous devrions voir une augmentation des
constantes de vitesse du second ordre lorsque la température diminue. En revanche, pour la réaction
C(!D) + Oy, la distribution des populations de C(D) et O, ne devrait pas changer avec la température et
nous ne devrions pas voir de dépendance de la température pour la constante de vitesse du second

ordre. Un résultat en plein accord avec les données expérimentales obtenues.

Le chapitre 4 est consacré a la réactivité des atomes d'oxygéne dans leur premier état excité (D) avec

plusieurs molécules (C,Hs, C2H,, HD et D). De plus, le processus de relaxation de O(!D) par CO; et Kr
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sont également étudiés. Dans le cas de O(!D) + C,Hs et C;H,, les constantes de vitesse du second ordre
présentent peu ou pas de dépendance a la température dans la plage de température 50 - 296 K. Ces
réactions sont des réactions avec plusieurs voies de sorties dont la production d'atomes d'hydrogéne.
Pour la réaction O(!D) + CzHs, nous avons mesuré une production d’atomes d’hydrogéne indépendante
de la température et qui se comparent bien aux données expérimentales précédentes a 298 K.
Cependant, notre résultat est légérement supérieur au résultat précédent a température plus élevée.
Cette différence pourrait s'expliquer par un changement dans le mécanisme de réaction ou, a haute
température, on s'attend a ce que le produit thermodynamiquement le plus stable (CH3CHOH + H) se
forme facilement tandis qu'a température ambiante et au-dessous, on s'attend a ce que la voie ayant
la barriére la plus basse (C;HsO + H) soit favorisée. Pour O(!D) + C;H,, nous n'avons pas pu déterminer
les rendements des atomes H en raison de l'influence de la réaction secondaire menant a la production
des atomes H. La réaction de O('D) + H, a été largement étudiée dans la littérature en raison de son
importance en chimie atmosphérique. Dans cette thése, nous avons étudié la réactivité des
isotopologues D, et HD dans le but de clarifier le mécanisme de réaction et de comparer les méthodes
théoriques. Les constantes de vitesse de second ordre déterminées pour O(*D) + D, ont été comparées
a quatre méthodes théoriques congues pour traiter les réactions de formation complexes et la bonne
concordance entre les données expérimentales et théoriques suggére que cette réaction implique un
complexe de longue durée dans sa dynamique. Nous avons également déterminé le rapport de
branchement isotopique qui relie les deux canaux de sortie pour la réaction O(*D) + HD. Nous obtenons
ici des rapports de branchement supérieurs a un, ce qui suggére la formation préférentielle de I'OD +
H sur I'OH + D. Un résultat qui pourrait s'expliquer par le fait que I'atome H quitte le complexe formé
avec une probabilité plus élevée que les atomes de de deutérium étant donné sa masse plus légere et

sa vitesse supérieure.

Dans le chapitre 4 nous avons également étudié la relaxation électronique du O(*D) par CO; qui joue
un réle important dans la chimie de Mars. Dans ce cas, la constante de vitesse du second ordre
augmente lorsque la température est abaissée a 50 K en raison d'une vitesse de redissociation plus
lente de I'intermédiaire CO3 conduisant a une augmentation du passage intersystéme vers la surface
triplet. De plus, nous avons également étudié la relaxation de O(!D) par le Krypton car ce gaz rare peut
étre utilisé comme gaz porteur dans des expériences en laboratoire. Ici, la constante de vitesse du
second ordre ne présente pas de dépendance marquée a I'égard de la température dans la plage de

température de 50 a 296 K.

Enfin, au chapitre 5, nous avons étudié la réactivité de N(2D) avec 4 molécules (NO, CH4, C;Hs, CsHs).

Malgré I'importance des données cinétiques pour les réactions de N(?D) avec les hydrocarbures dans



I'atmosphere de Titan, il y a trés peu d'expériences rapportées dans la littérature car il est
particulierement difficile de produire photolytiquement N(?D). Dans cette thése, nous proposons une
nouvelle méthode de production de N(2D) qui facilitera I'étude de ces réactions a la basse température
qui caractérise I'atmosphére de Titan. Cette méthode implique la production de C(3P) par PLP de CBry,
suivi de la réaction chimique de C(3P) + NO pour obtenir les atomes N(?D) désirés. Ici, comme le NO est
ajouté au réacteur pour produire du N(?D), c'est la premiére réaction que nous devons étudier. La
constante de vitesse de deuxiéme ordre pour N(?D) + NO présente une dépendance négative a la
température qui pourrait s'expliquer par la contribution accrue d'autres mécanismes de réaction a
basse température, comme le croisement intersysteme. A température ambiante, les constantes de
vitesse du second ordre pour ces réactions sont en bon accord avec les valeurs précédemment
rapportées, ce qui valide notre méthode de production N(2D). Il est alors possible d'utiliser cette
méthode de production pour étudier la réactivité de N(?D) avec plusieurs hydrocarbures. Pour la
réaction de N(?D) + CHq4, C2Hs et CsHs, nous avons obtenu des constantes de vitesse de second ordre
qui diminuent lorsque la température est abaissée, un résultat qui suggére que ces réactions sont
caractérisées par une barriere dans le canal de I'entrée. Par conséquent, les constantes de vitesse du
deuxieme ordre pour ces trois réactions seront inférieures a ce qui avait été prévu précédemment aux
basses températures qui caractérisent l'atmosphére du Titan. Ces résultats représentent une
amélioration pour les modeles photochimiques actuels qui, en raison du manque de données, utilisent
des constantes de vitesse indépendantes de la température pour la réaction de N(?D) + C;Hs et CsHs en
extrapolant les valeurs de température ambiante recommandées aux basses températures, ce qui

représente une surestimation de l'importance des processus a basse température.

Les études cinétiques réalisées dans le cadre de cette thése contribuent a une meilleure
compréhension de la chimie complexe a I'ceuvre dans le milieu interstellaire et dans les atmosphéres
planétaires, fournissant des données importantes pour que les modeles puissent expliquer les
abondances observées de plusieurs molécules. Les constantes de vitesse de la plupart des processus
étudiés ici, y compris les atomes dans des états excités, présentent des comportements complexes et,
par conséquent, leur influence devrait étre testée sur des modéles photochimiques en incluant les
canaux de formation et de perte de ces atomes a état excité. La méthode de production d'atomes
d'azote dans I'état électronique excite 2D, mise au point dans le cadre de ces travaux, jette les bases
d'études futures d'autres réactions clés identifiées dans des modéles photochimiques tels que N(?D) +

acétyléne et éthylene.

Dans le but d'identifier et de quantifier les canaux de produits des réactions étudiées, il serait

intéressant de coupler I'appareil CRESU a une méthode de détection par spectrométrie de masse ou
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par spectroscopie micro-onde a large bande pour détecter les produits possédant un moment
dipolaire. Cette derniere méthode spectroscopique est actuellement mise en ceuvre dans notre
laboratoire dans le cadre du projet OSCAR (Original Submillimeter Chirped Pulsed Instrumentation for
Astrochemical Reactivity) qui combinera |'appareil CRESU existant avec un nouveau spectrometre
micro-onde a large bande dans le domaine submillimétrique. De plus, le schéma de génération de VUV
utilisé dans cette these pour détecter les atomes d'hydrogene va permettre d'étudier pour la premiére
fois a basse température plusieurs réactions entre les atomes d'hydrogene ou de soufre et des radicaux
tels que NO,, OH, CH, NH, NH,, et CHs. Cette méthode devrait permettre également de déterminer les
constantes de vitesse de plusieurs réactions qui pourraient étre des mécanismes importants pour

I'enrichissement en deutérium dans les atmosphéres planétaires et le milieu interstellaire.
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Outline of the thesis

This thesis summarizes three years of doctoral work at the Institute des Sciences Moléculaires (ISM)
working in the COMEX group (Collisions Moléculaires en Milieux Extrémes). The facilities of the CRESU
(Cinétique de Reaction en Encoulement Supersonique Uniforme) apparatus were employed to study
the kinetics of several gas-phase reactions of interest for the astrochemistry community over the 50 —

296 K temperature range. This manuscript is divided as follows:

Chapter 1 provides a background to astrochemistry, the interstellar medium and planetary

atmospheres setting the basis of the importance for the kinetics measurements at low temperatures.

Chapter 2 introduces the kinetics of gas-phase reactions and their temperature dependence.
Furthermore, the CRESU apparatus and the experimental techniques employed in this work to produce

and detect the species of interest are described.

Chapter 3 focuses on the gas-phase reactions of atomic carbon, reporting rate constants for nine
neutral-neutral reactions and branching ratios for five of them. In the case of C(3P) + water reaction,
MESMER (Master Equation Solver for Multi-Energy Well Reactions) calculations were performed to
clarify the reaction mechanism and to extrapolate our results to the low temperatures and densities

that characterize the interstellar medium.

Chapter 4 is dedicated to the reactions of oxygen in its first excited electronic state (D). In this case,
we studied the kinetics of six neutral-neutral reactions and reported the branching ratios for one of
them. For the reaction of O('D) with molecular hydrogen and its isotopic variants, the kinetic isotope

effect (KIE) and the intramolecular isotopic branching ratio were also analysed.

Chapter 5 is devoted to the chemistry of nitrogen in its first excited electronic state (?D). Here, a new
method for the production of N(2D) atoms is proposed facilitating the study of the reactivity of N(?D)
with several molecules such as hydrocarbons, which represents the basis for the formation of complex

molecules in planetary atmospheres.
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CHAPTER 1

1. Introduction

1.1. Astrochemistry

For many years, scientists were sceptical about the idea of molecules in interstellar space mainly due
to the harsh physical conditions (temperature, pressure and high-energy radiation field). Indeed, under
the conditions found close to stars, molecules readily dissociate and ionize.! However, in 1940 two
radicals, CN and CH were identified in the interstellar medium (ISM) through sharp optical absorption
lines (387.46 nm and 430.03 nm) in visible spectra toward bright stars.? Subsequently, in 1941 the CH*
cation was detected through an electronic transition around 430 nm.? From the 1960’s onwards many
more species were identified, clearly demonstrating that a wide range of molecules can exist in space.
These observations effectively gave rise to the field of astrochemistry, as astronomers searched to

explain the presence of molecules in interstellar environments.

Astrochemistry is devoted to the study of the chemical process at work in astrophysical environments
including the interstellar medium, planetary atmospheres, comets and circumplanetary regions.* This
rapidly growing science overlaps three major fields: chemistry, physics and astronomy.> Thus, three
kinds of scientific activity are involved. First, it is necessary to identify the species that are present in
the different astrochemical environments; a task that is achieved by astronomers with the help of
laboratory scientists working to characterize and identify the spectral signatures of individual
molecules. Secondly, it is necessary to explain the presence of the observed species through the
construction and application of chemical models, which consist of large networks of elementary
chemical and physical processes. Lastly, to obtain quantitative information regarding the species
observed, theoretical and experimental studies of individual processes are performed to provide better
constraints for the chemical models. The main objective of astrochemistry is thus to study the nature
and behaviour of the detected species by investigating their formation and destruction processes in
various astronomical environments and eventually to make predictions about which other species

could be present.®

To date, more than 200 molecules have been identified in the interstellar and circumstellar medium
(Table 1.1). Most of these molecules have been detected due to their spectroscopic signature in the
millimetre wave region of the electromagnetic spectrum, where radiative transitions between
rotational levels occur. A fundamental requirement for rotational spectroscopy detection is that the
molecule must have a permanent electric dipole to allow strong electric-dipole-induced transitions
between the rotational levels. The observations can be performed using ground based radio telescopes

because the Earth’s atmosphere is transparent at these wavelengths. Usually, an array of radio
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telescopes is tuned to match a rotational transition (such as the J =1 — J = 0 transition at 2.6 mm) in
the 2C*¥0 molecule to find the densely populated regions. Subsequently, spectroscopic measurements
are performed by scanning over a range of emission frequencies which are assigned to their respective
molecules by comparison with laboratory spectra. Here the 2C'®0 molecule is typically used as a tracer
of molecular density as it is a moderately strong mm-wave emitter and as CO is the second most
abundant molecule in the ISM after H,. Unfortunately, this method does not allow the detection of
molecules such as Nz, CO,, CoH, and H,.! In this regard, molecular hydrogen (the most abundant
molecule in the ISM) only radiates weakly via forbidden electric quadrupole transitions. Other non-
polar molecules such as CO, and C;H, can be detected in the infrared range.”® However, to observe
these transitions it is necessary to minimise the effects of IR absorption in the Earth’s atmosphere
either by performing measurements in situ (such as the Infrared space observatory, 1SO), or from
observing platforms at high altitude on Earth. Some interstellar molecules such as H,, HD, CO and N;
have been observed through their electronic transitions in the UV with the requirement that these
measurements are made in situ due to the opacity of the Earth’s atmosphere to UV photons from

space.®

Many chemically reactive species (free radicals and molecular ions) have been identified in the ISM.
These discoveries reflect the low densities and very low temperature conditions of interstellar clouds
leading to conditions of non-thermodynamic equilibrium, which allow these chemically reactive
species to survive for a long time.X® Furthermore, the number of detected molecules is indicative of
the very rich chemistry within these environments in which the molecules must be formed at rates

sufficient to counterbalance their destruction.!!
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Table 1.1 Molecular species identified in the interstellar and circumstellar medium

H, AlF Alcl G CH CH* CN
co* CcP SiC HCI KCl NH NO
NaCl OH PN SO SO+ SiN Sio
atozms (&) HF HD FeO * 0, CF+ SiH *
AlO OH* CN- SH* SH HCI* TiO
Cco NS SiS PO ArH* N> NO* *
NS+
Cs CoH Cc,0 CS CH; HCN HCO
HCS* HoC* H,0 H,S HNC HNO MgCN
NoH* N,O NaCN ocCs SO, c-SiCy CO;
atjms Hs* SiCN AINC SiNC HCP ccp AIOH
H,Cl* KCN FeCN HO, TiO, CN Si,C
HCO* MgNC NH, H,O* HS, HCS HSC
NCO
c-CsH I-CsH GN G0 CsS CH, NH;
4 HCNH* HNCO HNCS HOCO* H,CO H2CN H,CS
atoms ¢-SiCs CHs CsN- PHs HCNO HOCN HSCN
CsH* HMgNC HCCO CNCN HCCN H30* H,0,
Cs C4H C4Si I-CsH, c-CsH, H,CCN CHq
atOSmS HC,NC HCOOH H,CNH H,C,0 H,NCN HNC3 SiHa
CoH- HC(O)CN HNCNH CH30 NH,* H,NCO* NCCNH*
CsH I-H,Cq CoHa CHsCN CHsNC CH3OH CH3SH
6 HC,CHO NH,CHO CsN I-HC,H I-HC,N ¢-H,C30 H,CCNH *
atoms  HNCHCN SiHsCN CsS HCsN H,COH* CHsCl HCsNH*
CsN-
7 CeH CH,CHCN CHsCH HCsN CHsCHO CHsNH; c-C;H40
atoms CeH™ CHsNCO HCsO H,CCHOH
8 CH3C3N HC(O)OCH; CHsCOOH CH CeH> CH,0HCHO I-HCeH
atoms  CH,CCHCN  H,NCH,CN CH3CHNH CH3SiH3 CH,CHCHO
9 CH3C4H CH3CH,CN (CHs),0 CH3CH,OH HC/N CsH CH3C(O)NH,
atoms CsHe CHsCH,SH  CHsNHCHO * HC,0 CgH-
aticr:ns CH3CsN (CH3),CO (CH,0H), CH3CH,CHO ~ CH3CHCH,O  CHsOCH,OH
ati:rlns HCsN CH3CgH C,HsOCHO CH30C(O)CH3
12 c-CeHe n-CsH,CN i-C3H7CN C,HsOCH3 *
atoms
3:01;5 Cso Cro Coo* c-CeHsCN
Source http://www.astro.uni-koeln.de/cdms/molecules. *Tentative detections, which have

reasonable chance to be correct.
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1.2. Interstellar medium

The interstellar medium is the region in space between the stars containing a tenuous mixture of gas
and dust. By mass, it is composed of approximately 99% gas and 1% of dust grains,'> where hydrogen
(around 90%) and helium (around 10%) are by far the most abundant gaseous species. Other heavier
atoms such as carbon, oxygen and nitrogen are also present, although their abundances are

approximately four orders of magnitude lower than that of hydrogen (Table 1.2).

Table 1.2 Typical abundance of the elements in the interstellar medium with respect to atomic
hydrogen. Extracted from Dishoeck.*?

Element (X)  Abundance (X/H)

H 1.0
He 0.085
2.7x10%
0] 4.9 x10*
6.8x10°
Mg 4x10°
Si 3.2x10°
S 1.3x10°
Fe 3.2x10°

The ISM is extremely heterogeneous and can be divided into four kinds of interstellar clouds depending

on their physical and chemical properties.

v" Diffuse atomic clouds are fully exposed to the interstellar radiation field and nearly all
molecules are photodissociated. These clouds are composed mainly of atomic hydrogen and
ionic species with a molecular fraction in the range 0.0 - 0.1 compared to the number of
hydrogen nuclei. The low density (10 — 100 cm) and the average time between collisions,
which is measured in decades, implies that very little chemistry occurs in these regions. Diffuse
atomic clouds typically have temperatures that range from 30 — 100 K. 14

v" Diffuse molecular clouds have a radiation field that is sufficiently attenuated so that the
molecular populations and the molecular hydrogen fraction lies between 0.1 and 0.5.
However, enough interstellar radiation is still present to photoionize atomic carbon or

photodissociate CO molecules. Molecular hydrogen is abundant allowing a much richer



CHAPTER 1

chemistry than in diffuse atomic clouds. Diffuse molecular clouds typically have densities
about 100 — 500 cm™ and temperature that range from 30 — 100 K.

v" Translucent clouds have sufficient protection from interstellar radiation. Consequently,
molecular populations and the molecular hydrogen fraction increases to nearly 1. Carbon
exists as the ionized or neutral atomic form with the CO fraction beginning to rise. Here, the
chemistry is quite different from diffuse clouds due to the presence of the highly reactive
neutral carbon atoms and the decreasing electron fraction. The densities range between 500
— 5000 cm2and the temperatures between 15 — 50 K.

v" Dense molecular clouds (Figure 1.1) are molecular in nature and are considered to be the
birthplaces of new stars. In terms of molecular content, they are composed of H, followed by
CO with an abundance of 10* with respect to H,. Other minor species such as OH, CH, CN and
water typically represent only 107 of the abundance of H,. Molecular clouds are shielded from
external UV irradiation by interstellar dust particles that efficiently absorb UV and visible
radiation. However, they are still exposed to cosmic rays whose interaction with hydrogen
produces secondary UV photons and electrons ionizing the cloud gas. There, the average time
between collisions is reduced to a few hours. Typical densities are at least 10 cm™ and the

temperatures range between 10 - 50 K. 4

Figure 1.1 Dense molecular cloud Barnard 68. Image credit: European Southern Observatory (ESO).
Extracted from https.//en.wikipedia.org/wiki/Molecular cloud
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The main factors that determine the physical and chemical conditions in the four types of interstellar

clouds are listed in Table 1.3.

Table 1.3 Classification of Interstellar clouds types. Extracted from Snow and Bierbaum.

Cloud type
Property Dense molecular
Diffuse atomic Diffuse molecular Translucent Cold cores Hot cores
Defining anz >0.1 fnco <0.9
anz <0.1 fnco <0.9 fnco >0.9
characteristic fe, >0.5 fe, < 0.5
Ay 0-~0.2 ~0.2-1 ~1-5 ~5->10 >50
Typical ny (cm3) 10- 100 100 - 500 500 - 5000 10%- 108 >106
Typical T(K) 30-150 30-100 15-50 10-50 >100
UV/visible IR
UV/visible/IR/radio
Observational absorption, H- UV/visible/IR/ absorption, IR absorption,
absorption, radio
techniques atoms radio radio absorption radio radio emission
emission
emission emission

Abbreviations: f"y,is the fraction of hydrogen nuclei contained in the form of H,, i.e., f"u; = 2n(H2)/[n(H)
+ 2n(H,)], where n symbolizes the number density. f"c, and f"co are the fractions of carbon present in
these different forms. Ay is the visual extinction parameter; a logarithmic value expressed in units of
stellar magnitudes, and refers to extinction of visible wavelengths. ny is the number density of
hydrogen nuclei.

Solid dust grains, which represent 1% of the interstellar medium composition, play an important role
in controlling the physics and chemistry. Grains are thought to consist of a core of carbonaceous
material and/or silicates, on top of which layers of material are added (Figure 1.2). The grains have
diameters of 10 — 500 nm and are capable of absorbing and scattering the UV, visible and to some
extent the IR radiation thereby controlling the attenuation of the light passing through interstellar
clouds. The surface of the dust grains facilitates some chemical reactions such as the association of H-
atoms to form H,, a process that is very inefficient in the gas-phase. Atoms and molecules from the
gas-phase accumulate on the surface of dust grains in the form of ices.!? These icy grain mantles are
thought to be the starting point of complex organic formation in the ISM and represent the main

reservoir of volatiles.

Although the ice mantle composition can vary substantially between different clouds, in general, the
most abundant atoms in the gas-phase H, O, C and N accrete onto grains forming water, methane and
ammonia by hydrogenation. Consequently, water ice is the most abundant ice constituent, followed
by CO and CO; at ~ 20 — 30% each with respect to water (CO being formed in the gas-phase and then

stick on grain). Additionally CHs, NH3 and CH3OH are found with typical abundances of 5%, although
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methanol can be notably more abundant. The ices are not perfectly mixed, they are supposed to have
at least two different phases: a water-rich phase (containing H,0, CHa, NHzand CO;) and a water-poor
phase (rich in CO, CO; and CHsO0H) arising from the different stages of their formation in which atom

hydrogenation initially occurs followed by subsequent reactions involving CO.

100

80

60

40

Ice Abundances

20

H,0 CO, CO CH;OH NH, CH,

Figure 1.2 Median composition of interstellar ices grain mantles (bars) normalized to the most
abundant ices species, water. Extracted from Oberg.*?

A very rich chemistry can also be found in circumstellar envelopes where mixtures of dust and
molecules are expelled from stars at high velocity. These envelopes are created by extensive mass loss
in the later stages of stellar evolution, caused by thermal pulses in the star interior and radiation
pressure on dust. For example, in the circumstellar envelope of the carbon-rich star IRC+10216, exotic
species such as CgH, CsS, SiC; have been found. The chemistry in this envelope is dominated by
molecules containing long carbon chains, silicon and metals such as magnesium, sodium and

aluminium, which make it quite different to what is found in molecular clouds.?

In conclusion, the interstellar medium provides a unique environment in which chemistry occurs under
extreme conditions. The study of these chemical processes by means of chemical modelling,
theoretical calculations or laboratory experiments is fundamental to understand the chemical

evolution of these regions and to explain the observed abundances of interstellar species.

1.3. Reactions at work in the interstellar medium

Interstellar clouds are characterized by temperatures in the range of 10 - 150 K and densities from 10
— 107 cm3. Under these conditions, chemical reactions are subject to some constraints. For example,
three body reactions are almost negligible due to the low densities. Endothermic reactions do not

proceed because they require an external energy input that cannot be supplied by the low
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temperatures of the interstellar medium. Even for exothermic processes, many of this type of reaction
do not occur at low temperature due to the presence of an activation barrier, except if tunnelling

through the barrier plays a role. The main gas-phase reactions at work in the ISM are summarized in

Table 1.4.

Table 1.4 Gas-phase reactions in the ISM

Photochemical reactions

Photodissociation

Photoionization

AB+hv— A+B

A+hy— At +e

Electronic Recombination

Radiative recombination

Dissociative recombination

At+e— A+ hy

AB*+e— A+B

lon-molecule reactions

Charge transfer
Radiative association

Exchange reaction

A"+B— A+B*

A*+B— AB*+ hv

AB*+C— A"+ BC

Neutral-neutral Reactions

Exchange reaction
Radiative association

Reactions between neutrals

A+BC— AB+C

A+B— AB+hv

A+B—C+D

Positive ion-negative ion reaction

Neutral-negative ion reaction

A"+B — AB+ Ahv

A"+B— AB+e

Other Reactions
A+e— A +hy
Electronic attachment
AB+e—> A +B

Generally, bimolecular reactions between ions and molecules proceed quickly as they do not have an
activation barrier to products owing to strong attractive forces.'*® These reactions contribute to the
formation of complex ions and molecules in the ISM and have been extensively studied because it was
believed for many years that they should dominate the chemistry of the ISM. In contrast, bimolecular
reactions between neutral species were mostly ignored as it was thought that these processes were
almost always characterized by an activation barrier along the reaction pathway. However, studies of
neutral-neutral reactions such as the CN + O, reaction?’ revealed that the reactivity could be efficient
at temperatures lower than 100 K, changing the previous beliefs. Neutral-neutral reactions are very

important processes, sometimes dominant, in regions of the interstellar medium where the ions are
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less abundant, such as dense molecular clouds. Nowadays, although a large number of neutral-neutral
reactions have been studied at the low temperatures of the ISM (approximately 150 reactions®), the

rate constants for many other potentially important processes remain unknown.

1.4. Planetary Atmospheres

In our solar system, all the planets share a common origin of about 4.6 billion years ago. Their
formation is thought to have started in the interstellar medium with the collapse of a dense molecular
cloud core. During this collapse, a disk and an outflow are formed which mediate the transport of
angular momentum. Once the collapse has proceeded far enough for the core to heat up, a protostar
is formed. The remaining cloud envelope accretes onto the star or disperses, leaving a pre-main
sequence star with a disk which is the formation site of planets.’? The different phases of star and

planet formation are shown in Figure 1.3.

Protostar with outflows
and young disk

Diffuse ISM S ; g

Dense cloud
core formation
and collapse

Solar system with
planets and comets

Protoplanetarydisk
" with ongoing planet
formation

Stellar winds and
expandingshells
around dying star

Figure 1.3 Different phases of star and planet formation for an isolated Solar-type star. Modified from
Oberg.*?

In our solar system, the planets fall in two groups, four small, rocky inner planets (Mercury, Venus,
Earth and Mars) and four large gaseous outer planets (Jupiter, Saturn, Uranus and Neptune). Venus,
Earth and Mars are characterized by substantial atmospheres and high photon flux conditions that
create a suitable environment for the formation of reactive atoms and molecules in their ground and
excited electronic states. The four giant planets Jupiter, Saturn, Uranus and Neptune have deep

gaseous atmospheres because they were formed far from the Sun.’® The planets have natural satellites

11
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(moons) that orbit around them. Among them, Titan, the largest moon of Saturn has attracted
considerable attention because it is the only known satellite to have a thick atmosphere (thicker than
Earth’s) where the main component is nitrogen. As this is thought to be “similar” to the composition
of the prebiotic Earth’s atmosphere, the study of the chemistry of Titan’s atmosphere could provide

some important insights into the evolution of the early Earth.

Planetary atmospheres can be considered as huge photochemical reactors where very rich chemistry
occurs given the abundance of the species and the bombardment by UV photons and other energetic
particles. In these atmospheres, the importance of many chemical processes is dependent on altitude.
For example, at high altitude, where the atmospheric species are exposed to high intensity energetic
radiation, ionization readily occurs, so that the chemistry at high altitudes is largely driven by ions and
electrons. At lower altitudes where the atmospheric species are shielded from the external radiation

field, the chemistry is mostly driven by reactions between neutral species.

Over the years, these complex environments have attracted the attention of many scientists using
Earth-based observatories, several space missions and other observational facilities (Table 1.5 and

Table 1.6) to measure and detect the physical conditions and species present in these atmospheres.

Table 1.5 Observational facilities

SST Spitzer Space Telescope mid and far-infrared wavelengths
JWST James Webb Space Telescope mid-infrared
HSO Herschel Space Observatory mid and far-infrared wavelengths
ALMA | Atacama Large Millimetre/submillimetre | millimetre/submillimetre wavelengths
Array
SOFIA | Stratospheric Observatory for Infrared | infrared wavelengths
Astronomy

12
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Table 1.6 List of some space missions and their success.
https.//en.wikipedia.org/wiki/Timeline_of _space_exploration

Mission nhame/year Planet/Satellite ~ Mission Success
Venus Express (2011) Venus Detection of a layer of O3 in the upper atmosphere
Messenger (2011) Mercury First orbiter + water detection in the exosphere
Apollo 8 (1968) Moon (Earth) First piloted orbital mission
Mariner 9 (1971) Mars First spacecraft to orbit another planet
Pioneer 11 (1979) Saturn/Titan First Saturn flyby + first photograph of Titan
Galileo (1995) Jupiter First Jupiter orbiter
Voyager 1 & 2 (1977- Outer solar Data and photographs of the four giant planets and
present) system their moons
Mars Express (2004) Mars Detection of CH4, NH3

Confirmation that solar winds strip H-atoms from
Maven (2014) Mars

Mars’s atmosphere
Cassini-Huygens (2005)  Saturn First Saturn Orbiter
Cassini-Huygens (2005)  Titan First landing on a moon other than our own

As the focus of this manuscript is the experimental study of the chemical reactions at work in the
atmospheres of Titan and Mars, more details regarding their atmospheric composition and main

conditions are given in the next section.

1.4.1. The atmosphere of Titan

Titan is the largest moon of Saturn, the sixth planet from the Sun. It was first discovered in 1655 by
Christiaan Huygens® but very little was known about its atmosphere until the Voyager encounters
(1977 - 1989). This satellite is the only solar system body that has a dense atmosphere mainly
composed of Ny, CHs, H, and other trace compounds (Figure 1.4). N, is the main constituent of the

atmosphere followed by CH, with a fractional composition of approximately 2.0 to 5.0%.*

Space missions like Voyager (1977) and Cassini (1997) confirmed the presence of other larger
hydrocarbons and trace species such as ethane. In this regard, it is thought that solar UV photons
dissociate N, and CH, at high altitudes creating radicals such as N(*S), N(?D), CHs, CH,, C;H giving rise
to a very complex chemistry (Figure 1.5). In general, Titan’s chemistry is driven by the interactions

among hydrocarbons, nitrogen and even oxygen-containing species.
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Figure 1.4 Mole fraction of the principal constituents of Titan’s atmosphere. Calculated mole fractions
from the model of Dobrijevic et al.??
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Figure 1.5 Schematic of the photochemistry of N, and CH, in Titan’s atmosphere. Extracted from
Strobel et al.?®
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An opaque global layer of orange-coloured aerosols obscures Titan. This orange haze resides primarily
between 50 and 200 km and is thought to be produced from photolytic and catalytic destruction of
CH4 and N3, which leads to various chemical processes at different atmospheric levels. This haze plays
an important role in the atmospheric radiative balance, affecting the temperature structure and

shielding the surface from harmful radiation.?*?*

The atmosphere of Titan exhibits temperatures from 70 K near the surface (in the tropopause) to 200
Kin the mesopause. In addition to being cold, Titan’s atmosphere is also dense with a surface pressure

of 1.5 bar; conditions that facilitate frequent collisions. As the physical conditions present in Titan’s
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atmosphere are quite challenging to reproduce experimentally only a few reactions of potential

importance have been characterized at the appropriate temperatures.

1.4.2. The atmosphere of Mars

Mars is the fourth planet from the Sun. Its atmosphere is thin and relatively transparent to sunlight
with a total atmospheric pressure of 6 mbar. As the mean solar flux received by Mars is about half of
the solar flux received by Earth, it is a colder planet with temperatures ranging between 90 and 250
K.1%25 The composition of the Martian atmosphere (Table 1.7) was determined in the mid-1970s by the
Viking landers with CO; as the main constituent followed by nitrogen, argon, oxygen, carbon monoxide

and a trace amount of water vapour.

The photodissociation of the major constituent, CO,, below 205 nm produces CO and atomic oxygen,
where the oxygen atoms are produced in the ground electronic state, O(°P), near the threshold but at
shorter wavelengths the atoms are also produced in excited states O(D) and O('S). Although the
primary fate of the excited states is quenching to the ground state by collisions with CO;, a small

fraction of the excited state atoms react with other constituents.

The chemical environment of Mars is sensitively controlled by trace constituents that can act as a
catalyst for important chemical cycles.?> For example, Mars photochemistry is regulated by the
photolysis of water vapour producing odd-hydrogen radicals H, OH and HO,, which are used as a
catalyst in the recombination of CO and oxygen to form back CO,and in the formation of the O-O bond
leading to O, and Os. As the catalytic species (H, OH and HO,) are not consumed in the previous
chemical pathways their ultimate fate is to form H,0 (+ O,) through the recombination of OH and HO,

radicals.?®
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Table 1.7 Chemical composition of Mars’ atmosphere. Extracted from Photochemistry of Planetary
atmospheres®,

Species Abundance
CO, 0.9532
N> 0.027
“OAr 0.016
0 1.3x103
Co 7.0x 10"
H,O 3.0x 10"
3Ar + BAr 5.3x10°
Ne 2.5x10°
Kr 3.0x 107
Xe 8.0x 108
(OF 3.0x10%

1.5. Importance of rate constants and branching ratios in astrochemical models

Astrochemical models are virtual laboratories that consist of thousands of reactions. They aim at
computing the chemical evolution of astrochemical environments such as planetary atmospheres, and
the interstellar medium. Their general purpose is to make predictions of the abundance for the various
chemical species with the goal to reproduce the reported observational data to the best extent
possible. If the latter is accomplished by the model, the proposed reaction schemes are validated and
then it is possible to predict abundances for the species that have not been detected yet or cannot be

directly observed.

Although in the literature there are astrochemical models with various degrees of sophistication (1D,

2D, 3D),”” in general they share some common features: 28

v’ aset of starting conditions such as total density, temperature, optical depth, etc.
v a series of chemical reactions characterized by their respective temperature-dependent rate

constants and their likely exit channels.

Therefore, the main differences in the predictions of the models arise from:

v"the number of chemical species

v" the number of reactions considered
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v"  the estimation of the rate constant values

v" the mathematical procedure to solve the system of kinetic equations.

Chemical models are continuously improved via comparisons with observations, and by incorporating
the results of laboratory experiments and theoretical studies in which individual processes are
investigated. Current reaction networks used in astrochemical models contain more than 4000 gas-
phase reactions for more than 400 atomic and molecular species including neutral, positively and
negatively charged species.”® However, most of these reactions have not been studied under the
conditions of the cold ISM or planetary atmospheres so that their rate coefficients can be quite
uncertain if not completely wrong.3° For example, in photochemical models of Titan’s atmosphere, less
than 10% of the rate constants have been measured in the relevant temperature range. Consequently,
these models are based mostly on low temperature extrapolations, which can often be inappropriate

at low temperatures.3!

Global sensitivity analyses and uncertainty propagation studies used in conjunction with the model
predictions allow to identify which reaction rate constants are the most important model parameters.
Furthermore it is possible to predict which species abundances are strongly sensitive to their
uncertainties.3223 Then to improve the current model predictions, these key reactions responsible for
the large uncertainties on the abundances are those that should be studied in more detail by laboratory
experiments and/or theoretical methods to provide the rate constants and branching ratios with better

precision.

17



INTRODUCTION

1.6. References

(1) Smith, I. W. M. Reactions at Very Low Temperatures: Gas Kinetics at a New Frontier. Angew.

Chemie - Int. Ed. 2006, 45, 2842-2861.

(2) Adams, W. S. Some Results with the COUDE Spectrograph of the Mount Wilson Observatory.
Astrophys. J. 1941, 93, 11-23.

(3) Douglas, A.; Herzberg, G. CH" in Interstellar Space and in the Laboratory. Astrophys. J. 1941, 94,
381-381.

(4) Munoz-Caro, G.; Escribano, R. Laboratory Astrophysics, Astrophysi.; 2018; Vol. 451.

(5) Smith, I. W. M. Laboratory Astrochemistry: Gas-Phase Processes. Annu. Rev. Astron. Astrophys.
2011, 49, 29-66.

(6) Woon DE. The Astrochymist http://www.astrochymist.org/ (accessed Dec 5, 2018).

(7) D’Hendecourt, L. B.; Jourdain de Muizon, M. The Discovery of Interstellar Carbon Dioxide.

Astron. Astrophys. 1989, 223, L5-L8.

(8) Lacy, J. H.; Evans, N. J.; Achtermann, J. M.; Bruce, D. E. Discovery of Interstellar Acetilene.

Astrophys. J. 1989, 342, L43—-L46.

(9) Snow, T. P. Ultraviolet Observations of Interstellar Molecules. Proc. Int. Astron. Union 2005,

231, 175-186.

(10) Yamamoto, S. Introduction to Astrochemistry; Springer Nature, 2017.

(11) Snow, T. P.; McCall, B. J. Diffuse Atomic and Molecular Clouds. Annu. Rev. Astron. Astrophys.
2006, 44, 367-414.

(12) Oberg, K. I. Photochemistry and Astrochemistry: Photochemical Pathways to Interstellar
Complex Organic Molecules. Chem. Rev. 2016, 116, 9631-9663.

(13) Van Dishoeck, E. F. Astrochemistry of Dust, Ice and Gas: Introduction and Overview. Faraday

Discuss. 2014, 168, 9-47.

(14) Snow, T. P.; Bierbaum, V. M. lon Chemistry in the Interstellar Medium. Proc. Int. Astron. Union

18



CHAPTER 1

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

2008, 1, 229-259.

Ziurys, L. M. The Chemistry in Circumstellar Envelopes of Evolved Stars: Following the Origin of

the Elements to the Origin of Life. Proc. Natl. Acad. Sci. 2006, 103, 12274-12279.

Fournier, M.; Picard, S. D. L. E.; Sims, I. R. Low-temperature Chemistry in Uniform Supersonic
Flows. In Cold Chemistry Molecular Scattering and Reactivity Near Absolute Zero; Dulieu, O.,

Osterwalder, A., Eds.; The Royal Society of Chemistry, 2018; pp 1-42.

Sims, I. R.; Smith, I. W. M. Rate Constants for the Radical-Radical Reactions between CN and O;

at Temperatures down to 99 K. Chem. Phys. Lett. 1988, 151, 481-484.

Potapov, A.; Canosa, A.; Jiménez, E.; Rowe, B. Uniform Supersonic Chemical Reactors: 30 Years

of Astrochemical History and Future Challenges. Angew. Chemie - Int. Ed. 2017, 56, 8618—8640.

Taylor, F. W. Review Planetary Atmospheres. Meteorol. Appl 2010, 17, 393—403.

Showman, A. P. Planetary Atmospheres/ Jupiter and the Outer Planets. Encycl. Atmos. Sci. 2003,
1730-1745.

Kammer, J. A.; Shemansky, D. E.; Zhang, X.; Yung, Y. L. Composition of Titan’s Upper Atmosphere
from Cassini UVIS EUV Stellar Occultations. Planet. Space Sci. 2013, 88, 86—92.

Dobrijevic, M.; Hébrard, E.; Hickson, K. M. Coupling of Oxygen, Nitrogen, and Hydrocarbon
Species in the Photochemistry of Titan” s Atmosphere. Icarus 2014, 228, 324-346.

Strobel, D. F.; Atreya, S. K.; Bézard, B.; Ferri, F.; Flasar, F. M.; Fulchignoni, M.; Lellouch, E.;
Miiller-Wodarg, I. Atmospheric Structure and Composition. In Titan from Cassini-Huygens; Al.,

R. H. B. et, Ed.; 2010; pp 235-257.

Titan from Cassini-Huygens; Brown, R. H., Lebreton, J.-P., Waite, J.-H., Eds.; 2010.

Yung, Y. L.; DeMore, W. B. Photochemistry of Planetary Atmospheres, Oxford Uni.; New York,
1999.

Krasnopolsky, V. A. Photochemistry of the Martian Atmosphere : Seasonal , Latitudinal , and

Diurnal Variations. Icarus 2006, 185, 153-170.

Dobrijevic, M.; Loison, J. C.; Hickson, K. M.; Gronoff, G. 1D-coupled Photochemical Model of

19



INTRODUCTION

(28)

(29)

(30)

(31)

(32)

(33)

Neutrals, Cations and Anions in the Atmosphere of Titan. Icarus 2016, 268, 313-339.

Carbo, R.; Ginebreda, A. Interstellar Chemistry. J. Chem. Educ. 1985, 62, 832—836.

Aikawa, Y.; Wakelam, V.; Garrod, R. T.; Herbst, E. Molecular Evolution and Star Formation: From

Prestellar Cores to Protostellar Cores. Astrophys. J. 2008, 674, 984—996.

Wakelam, V.; Herbst, E.; Bourlot, J. Le; Hersant, F.; Selsis, F.; Guilloteau, S. Sensitivity Analyses

of Dense Cloud Chemical Models. Astron. Astrophys. 2010, 517, A21.

Hebrard, E.; Dobrijevic, M.; Pernot, P.; Carrasco, N.; Bergeat, A.; Hickson, K. M.; Canosa, A.; Le
Picard, S. D.; Sims, I. R. How Measurements of Rate Coefficients at Low Temperature Increase
the Predictivity of Photochemical Models of Titan’s Atmosphere. J. Phys. Chem. A 2009, 113,
11227-11237.

Dobrijevic, M.; Claeys-Bruno, M.; Sergent, M.; Phan-Tan-Luu, R. Experimental Designs for the
Determination of Key Reactions in Photochemical Models: Application to the Photochemistry

of Hydrocarbons in the Atmosphere of Titan. Planet. Space Sci. 2008, 56, 519-529.

Loison, J. C.; Hébrard, E.; Dobrijevic, M.; Hickson, K. M.; Caralp, F.; Hue, V.; Gronoff, G. The
Neutral Photochemistry of Nitriles , Amines and Imines in the Atmosphere of Titan. Icarus 2015,

247,218-247.

20



Chapter 2.

Reaction kinetics of gas-phase processes at low temperature

8 S I T8 =T Tt T - | = 23
2.1.1 Determination of the rate CONStANT .....c..coiieiiiiiii e 24
2.1.2 The temperature dependence of the rate CONStANTS.......cccceeeciiieieiiee e 28

2.2 Branching ratios........ccuecciiiieeieiiiieeieiieiecerienesersennseesrennsessenssssssenssssssensssssesnsssssennssssnenns 30
2.2.1 Determination of the branching ratios.........ccceecuiiiieciii i 31
2.2.2  Correction to the branching ratios ......cceeccciieeciiiie et e et e e e e tae e e s abe e e e sataeeeeanes 33

2.3 Experimental methods to study the kinetics at low temperature ........ccceeeeverencrenereannns 33
2.3.1  ConventionNal METNOMS .....cccueiiirierieie et sttt et et ettt seeesbee b eneas 33
2.3.2  Expansion based cooling Methods .........coouiiiiiiiiiiiie e e s 34

23.21 Free JEt @XPaANSIONS ..ciiieiiiieiiiie ittt e e s e e e e s nr e e e s nn e e e raeeseanee 35

2.4  The CRESU teChNIQUE....cuuiiiieeceiieeecerreeeerreeneesreanneeseenssesseeassessennssessennssessennnsessennnnanee 37
o R U oY1 o T o | ol = o 1YY USSR 37
2,42 NOZzle CharaCterization .......oocueeiiieeiee ettt sttt ettt sab e st esabeesbeesabeesateesbeesanee s 40
2.4.3 Continuous and pulsed CRESUs: The mini continuous CRESU of Bordeaux........cccceeeevvveeecvieeennnns 43
2.4.4 Strengths and limitations of the CRESU teChNIQUE .........ccviiieiiiii e 44
2.4.5 Determination of the concentration in the CRESU @apparatus ........cccceveveeeerieeeisiieeessveeeesvneeeenns 45

2.45.1  Calibration of the mass flow coONtrollers..........cooveiiiiiniiiiiiiee e 46

25 Production of the reactive atoms ........cccceiiiiiiiiiiiii 49

2.6 Detection methods coupled with the CRESU technique......ccccccovvmuiirieneccriinncccrennncenene. 51
2.6.1 Laser induced fluorescence tEChNIQUE.......ccoccuiiiiiie e e e e e e e aaeaes 51

2.7 Determination of errors......cccccviiiiiiiiiiiii 54
2.7.1 Statistical errors and WeIghTiNG .......ccuuuiiiiiiii e e e e e e e e e e e e anaaes 54
B AV 1= 0 0 =Y 4T ol =] o o] PP UPTUPUPPRPNE 55



273

2.8

2.9

Combination of statistic and SYyStEMAtIC EITOrS.....cciiii i e e e e e eaeees

Master equations calculations

References ......cceeeeereeernerennnees

22



CHAPTER 2

2. Reaction kinetics of gas-phase processes at low temperature

Studies of reactions and their dependence on certain physical parameters such as temperature and
concentration are commonly known as chemical kinetics. Knowledge of the reaction rate for a process
allows us to predict the evolution of reactants and products as a function of time. Over the years, a
considerable experimental and theoretical effort has been devoted to the determination of reaction
rates of a wide range of processes given their importance to predict the nature and abundance of

chemical species in different environments.

In chemical kinetics, two types of information are crucial.® The first one is a quantity that describes the
intrinsic rate, the rate constant symbolized by k or by k(T), emphasizing the fact that rate constants
generally depend on temperature (for the rest of this work the rate constants are going to be

represented as k for simplicity). The second one is the nature of the reaction products.

In this work, rate constants and branching ratios are determined for several gas-phase reactions of
astrochemical interest. The following sections contain detailed information regarding the

determination of rate constants and branching ratios for bimolecular reactions at low temperature.

2.1. The reaction rate

Consider a bimolecular reaction in which the reactant species A and B with concentrations [A] and [B]

react to yield the product species C and D with concentrations [C] and [D]:
A+B->C+D R21

The rate of this reaction (v) can be defined as the rate of loss of reagents A and B or the rate of

formation of C and D (products). Then the reaction rate can be defined as:

For a second-order or bimolecular process, the rate constant (k) is defined in terms of the change in

concentration with time

v = ——— = k[A][B] (2.2)

The rate constant reflects the efficiency of the reaction and has units of cm3 s (or cm® molecule? s)

as the concentrations are usually expressed in units of cm (or cm™ molecule).
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2.1.1. Determination of the rate constant

Integration of expression ( 2.2 ) yields

[A] = [A]BO[B] e_([B]O_[A]O)kt

Then to determine the second-order rate constant, it is necessary to follow the concentrations of both
reactants A and B simultaneously. However, as it is already challenging enough to follow the
concentration of one species, the determination of the concentration of both species simultaneously
makes the measurement of rate constants for bimolecular reactions very difficult without the use of

certain approximations.

To simplify the problem and to be able to measure second-order rate constants, the most commonly
used method in chemical kinetics is the isolation method or the pseudo-first-order approximation.
Here, one of the reactants (usually the most stable one) is added with a large and known excess
concentration with respect to the other reactant so that to a good approximation, its concentration is

constant throughout the reaction. Then expression ( 2.2 ) can be rewritten to give expression ( 2.3 ).

In the following, the reactant in excess is denoted by B. Then [B] >> [A] and [B] can be considered

constant. Now the rate of the reaction can be expressed as

v=-2_ (23)

k' = k[B] (2.4)
where k is the second-order rate constant for the process.

Simple integration of expression ( 2.3 ) yields an expression which describes [A] as a function of time
(expression ( 2.5)). A is the minor reagent (in the experiments described here, A is an unstable atom

or radical as will be detailed in section 2.6.1).
[4] = [A]e 't (2.5)

To perform kinetic measurements under pseudo-first-order conditions it is necessary to determine

accurately the concentration of B; a procedure which will be described in section 2.4.5. However,
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precise knowledge of the absolute concentration of A is not required (although it is important to
estimate [A] in order to quantify the influence of secondary reactions). In these experiments, the
evolution of [A] with time is followed by a suitable spectroscopic technique such as fluorescence or
chemiluminescence, where the fluorescence signal is assumed to be proportional to the minor reactant
concentration. A typical curve displaying the evolution of the intensity of a minor reactant (followed
by laser induced fluorescence) with time under pseudo-first-order conditions is shown in Figure 2.1.
This decay allows us to determine the pseudo-first-order rate constant for a target reaction with a
known concentration of B for a specified temperature. Then, from expression ( 2.4 ), knowing the

pseudo-first-order rate constant and [B] it is possible to determine the second-order rate constant.

intensity / arb. units

time / microseconds

Figure 2.1 Fluorescence signal of reagent A, fitted to determine the pseudo-first-order rate constant
using expression ( 2.5)

The discussion presented above represents the theoretical case where secondary losses of the minor
reagent are negligible. However, in reality, the minor reagent can potentially react with other species
present in the system such as products of the target reaction. In addition, it can be quenched by
collisions (for excited state species) or diffuse out of the observation region. Consequently, the term
(kr(a)) has to be added to expression ( 2.4 ) in order to represent the secondary losses of the minor
reagent A yielding expression ( 2.4.1 ). Here, it is important to notice that these secondary processes

should not depend on the concentration of the reagent in excess (B).

k’ = kA+B [B] + kL(A) (2.4.1)
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Under these conditions, the determination of the second-order rate constants from a single measure
of k' implies the use of a very high [B] in order to make the contribution of the secondary processes
negligible compared to k'. To solve this problem, several values of k' are obtained for different values
of [B] and the second-order rate constant for a bimolecular process is extracted from the slope in a
plot of k' vs. [B] using a linear least squares fit to expression ( 2.4.1 ) as shown in Figure 2.2. The loss

of the minor reagent k4 is represented here by the intercept in Figure 2.2.

RN

. . . -1
pseudo-first-order rate coefficients s

B concentration cm”
Figure 2.2 Plot of k’ against [B] to determine the second-order rate constant using expression ( 2.4.1 )

The kinetics of a reaction can be also studied following the evolution in time of the concentration of a
product species C or D. In the ideal case where reactants and products are not removed from the

system by secondary processes, the [C] can be described by the following exponential
[C] =X(1—-e¥?) (2.6)

where X is the preexponential factor representing the amplitude of the signal from C and k' = k[B].
This process is represented in Figure 2.3 by the red dashed line. However, in reality, the products can
diffuse from the reaction zone or react with other species producing secondary losses. The loss of the
product is represented in reaction R 2.2 by k; (¢) .

k k k

Plaled A+B> C Q) R2.2

The reaction rate for this process, written as a function of product C, can be described by the following

expression
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and integrating expression ( 2.8 ) we get a bi-exponential function of the form

[C] = X(e kot — g=k'ty (2.9)

where X is a pre-exponential factor, which represents the theoretical amplitude of the signal from C
without secondary losses; the two terms inside the parentheses represent the formation of the
product (rapid rise) and its loss (slow decay). The pseudo-first-order formation rate comprises two

terms k' = ky,5[B] + k;(4) as was explained earlier.

The bi-exponential function that describes the concentration of product C as a function of time is
represented in Figure 2.3. Finally, the second-order rate constants are obtained from the slope when
k' is plotted against [B] in an identical manner to the method explained above when the reactant

species is followed.

intensity / arb. units

time / microseconds

Figure 2.3 Fluorescence signal of product C (red open squares) fitted to determine the pseudo-first-
order rate constant using expression ( 2.9 ) (black solid line). The red dashed line represents the
theoretical fluorescence signal of product C without losses.
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2.1.2. The temperature dependence of the rate constants

In 1889, Svante Arrhenius proposed expression ( 2.10 ), based on a series of experiments in which the
rate constant for a reaction increased with temperature. This expression is universally known as the

Arrhenius expression.

k= 2eCRS) (2.10)

where A is the Arrhenius pre-exponential factor, which takes into account the collision frequency and
steric factors, E,; is the activation energy defined as the minimum energy that the reactants must
have in order to form products? (Figure 2.4 Panel A), R is the gas constant (8.314 ) mol* K1) and T is

the temperature.

For many years, it was thought that temperature dependent rate constants (k) could be universally
described by expression ( 2.10 ) because a large number of reactions at room temperature and at
higher temperatures (combustion processes for example) were well described by this expression.
Arrhenius behaviour over a certain temperature range can be easily verified by displaying the results
in an Arrhenius plot (Ink vs 1/T). If the plot yields a straight line, Arrhenius behaviour is observed over
that temperature range, where the intercept of the plot is the natural logarithm of the pre-exponential
factor (In A) and the slope yields the activation energy of the reaction (— E,.;/R ). Deviations from
linearity in these plots can arise for several reason such as the temperature dependence of the pre-
exponential factor and the activation energy of the system or Quantum Mechanical Tunnelling (QMT)

phenomena.?

The temperature dependence of the pre-exponential factor and the activation energy are included in

a modification of the Arrhenius expression known as the Kooij expression
—E,
k = arme(w) (2.11)
where Ey and m are two adjustable factors related to the activation energy according to expression

Egee = Eo + mRT (2.12)

although for most applications in astrochemistry, only the temperature dependence of the pre-
exponential factor is retained. For exothermic reactions where there is no activation barrier separating

reactants and products (see Figure 2.4 Panel B) the expression( 2.11 ) can be simplified to
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k = AT™ (2.13)

The Kooij expression is widely used by the Astrochemistry community because it allows a more precise
representation of the temperature dependence for reactions of interest in astrochemical
environments. In databases such as KIDA (Kinetic Database for Astrochemistry) and UDfA (UMIST
Database for Astrochemistry) the parameters A, m and (E,/R) which characterize the reaction rate
are substituted by a, B and y respectively. These parameters are found from fitting to experimental or

theoretical data using expression ( 2.11 ) in a given temperature range.

The development of experimental techniques to measure rate constants over a wide range of
temperatures has allowed scientists to see significant deviations from Arrhenius behaviour. Indeed,
the rate constants for many ion-molecule reactions and for some reactions between neutral species
do not obey the Arrhenius expression having a negative dependence on temperature; that is, rate
constants that increase as the temperature is lowered.* This behaviour is characteristic of reactions
that do not have an activation barrier on the potential energy surface leading to products (Figure 2.4
Panel B). These reactions, often called barrierless reactions, are usually fast at room temperature and

may remain rapid or even become faster as the temperature falls to the low temperatures of

astrochemical environments.

A combination of the two previous behaviours, where an initial relatively weakly bound complex is
formed followed by a small barrier in the potential energy surface leading to products (Figure 2.4 Panel
C), has also been observed.> In this case, the relationship between the formation of the initial complex
and its dissociation back to reactants versus subsequent crossing of the barrier (which may or may not
be above the reagent energy) has been used to explain the observed behaviour of the rate constant in
a given temperature range. Many radical-molecule reactions fall into this category where the well

depth and the barrier height strongly influence the rate constants for the reaction.

A A n A B A
transition state
- activation barrier reagents reagents
> B 5 barrier
2 |reagents 2 o
2 - 8 products 3
8 @ ®
= = =
5 B S
S S kS|
Q Q Q products
praducts intermediate complex
intermediate complex
X - > > -
reaction coordinate reaction coordinate reaction coordinate

Figure 2.4 Schematic representation of the potential energy for exothermic reactions. (Panel A) reaction
with a substantial barrier to products. (Panel B) reaction with no barrier to products. (Panel C) reaction
with an initial weakly bound complex followed by a barrier.
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The overall rate constant for exothermic bimolecular neutral-neutral reactions shows a temperature
dependence that is controlled by a subtle interplay of barrier heights as well as the possible effects of
QMT in the case of relatively small barriers.®® A recent article by Sims® summarizes the temperature
dependence for exothermic bimolecular reactions in three general cases (Table 2.1). These cases
include the interaction of radicals with other radicals and closed-shell molecules. However, less is
known about the reactivity of atoms in excited electronic states such as C(!D), O(*D) and N(?D) which

represent the main part of this thesis.

Table 2.1 Temperature dependence of the rate constant for exothermic bimolecular reactions.

Temperature dependence of the rate Some examples
Type of reaction

constants in this thesis

Arrhenius behaviour where the pre-
Reactions with a substantial

exponential factor is dependent on
barrier to products

temperature and QMT might play a role.

1

Barrierless reactions (radical + Non-Arrhenius behaviour where the C('D) + CHa
radical; radical + closed-shell reaction rate becomes faster as the C(*D) + NO
molecules) temperature drops.

N(2D) + NO
Reactions with an initial weakly Arrhenius behaviour at high temperatures
bound complex followed by a followed by a minimum and finally an

C(3P) + H,0
small potential energy barrier to increase of almost an order of magnitude
products (radical + molecule). at low temperatures.

2.2. Branching ratios

As was mentioned before, two types of information are crucial in chemical kinetics: the overall rate of
the reaction and the product branching ratios for multichannel reactions. The branching ratios are
defined for a reaction with multiple exit channels as the ratio of one channel divided by the sum of all
the channels. This information allows us to quantify the importance of each reaction channel and can

provide additional insight into the reaction mechanism.
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2.2.1. Determination of the branching ratios

If we consider the following bimolecular multichannel reaction R 2.3.

&Y a4 Y8cep P9 (a)
% g4+ 28 (b) .
ﬁaﬂﬂﬂ (c) '
Yoy 28 (d)

where kq, k,, k3, k, are the second-order rate constants for each individual exit channel (a, b, c, d).
k1 4y is the loss of the minority reagent A through collisions with the carrier gas, by secondary reactions
if there are any or by diffusion. k;(¢), kig), ki6), KLy represent the loss of the products by diffusion

from the probe volume or loss by secondary reactions if there are any.

A branching ratio for bimolecular multichannel reactions is defined as the ratio between the rate
constant for a particular exit channel, for example channel (a), and the rate constant for the total set
of possible exit channels, (a) + (b) + (c) + (d) (expression ( 2.14)).

ky ky

Br=—= 2.14
" ky itk kst kg (214)

kr represents the overall second-order rate constant for a multichannel reaction and is expressed as
the sum of the second-order rate constants for each individual exit channel (a, b, c, d) (expression (

2.15)).
kT=k1+k2+k3+k4_ (2.15)

If we detect the formation of product C, the kinetics of the reaction can be followed by applying

expression ( 2.9 ) to this system.
[C] = X(e kot — g=k'ty (2.9)

No information on the product branching ratios can be extracted up to this point, even if the pseudo-
first-order rate constant k' is measured because k' here represents the total rate constant for
formation of product C (k"= (ky+ kp + k3 + k4)[B] + ky4)) and not the rate constant

corresponding to channel (a) alone.
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However, if we analyse more carefully the kinetic equations, it is possible to derive an expression that
allows us to extract the branching ratios for multichannel reactions. Under pseudo-first-order
conditions, where [B] >> [A] and [B] is considered constant throughout the reaction, the rate of

formation of C product or any other product is given by

Substituting equation ( 2.5 ) (see section 2.1.1) into ( 2.8 )

arcy !
ar ki[Aloe ™%t — k) [C]

And solving this differential equation, we get

!
(] = k1[A]o (e—kL(C)t _ e—(k’T)t) (2.9.1)
kr — ki o
where % is the pre-exponential factor (X from the expression ( 2.9 )) and contains the branching
T~kL(C)

ratio for the exit channel (a) according to the expression (2.14 ).

kiAo _ ki [B][Alo
kr —kiey (ki t+ kot ks + ky)[B]+ kpay — ki

(2.16)

However, while [B] is known and k; ¢y and k(4 can be obtained experimentally, [4]o, the initial minor
reagent concentration is not precisely known so the absolute branching ratio cannot easily be derived.
Instead, one way to solve this problem is to choose a reference reaction (for example R 2.4) which

shares a common reagent A with the target reaction, forming product C with a well-known yield.*

kTE
A+L = c+1 100% R24
If possible, the reference reaction is chosen to be a process with a single exit channel, thereby
producing product C with a 100% vyield. In this specific case, k; = k¢, and [A], is identical for the
target and reference reactions so that the absolute branching ratio can be derived simply by dividing
the pre-exponential factors obtained by fitting to the temporal profiles of the target and reference

reactions.

32



CHAPTER 2

During the development of this thesis, we use two procedures to obtain absolute branching ratios,
measuring in both cases the formation of H- (or D-) atom products. More details of these procedures

are given in chapters 3 and 4.

2.2.2. Correction to the branching ratios

The reactions take place in a chamber where the presence of residual gases might affect the
determination of the branching ratios due to attenuation of the initial light. As the magnitude of this
correction is likely to be different for the excess target and reference reagents, a correction is applied
when necessary to the derived A factors to account for absorption of the excitation source and the

emitted fluorescence using the Beer-Lambert Law (expression (2.17 )).
[ = [yeoc (2.17)

Where [y and I are the incident and transmitted light intensities, o is the absorption cross section in
cm? molecule , ¢ is the concentration of the absorber in molecule cm?, [ is the absorption path length

incm.

2.3. Experimental methods to study the kinetics at low temperature

Over the last 30 years, an increasing interest in the chemistry of cold environments has motivated the
development of various methods that allow the investigation of reactions at low temperatures. The
experimental study of gas-phase processes can be divided into conventional techniques and expansion

based cooling techniques.

2.3.1. Conventional methods

Conventional experiments employ cryogenic cooling to reach temperatures below 200 K. Here, some
refrigerant such as liquid nitrogen, helium, methanol, etc is circulated through an envelope
surrounding the reaction vessel. The low temperatures inside the reactor are therefore attained
through collisions of the gases inside the chamber with the cold reactor walls. The temperature inside
the reactor is typically monitored using a thermocouple. The main drawback of these techniques is
that reagents and precursors can condense on the walls of the reactor when their partial pressure
exceeds their saturated vapour pressure at the temperature of the wall, leading to a large uncertainty
in the concentration of the reagent remaining in the gas phase. As a result, only reactions between
reagents with high saturated vapour pressures at low temperature can be studied accurately using

cryogenic methods.

33



REACTION KINETICS OF GAS-PHASE PROCESSES AT LOW TEMPERATURE

There are two main categories of conventional methods for studying the kinetics of gas-phase
reactions. The first one, the flow tube technique, is a continuous method where the gas flow is
characterized by a constant flow velocity. The reactants are injected into the flow at a known distance
from the detection zone using an injector or through fixed distance injector ports. The variation of the
minor reagent concentration is followed as a function of the distance between the injection point and
the detection zone. As the reaction time is known due to the constant flow velocity and the known
distance from the point of initial mixing of the reagents, pseudo-first-order rate constants can be
determined. By changing the flow velocity and/or the concentration of the major reagent, reactions
with rate constants between 107° to 10> cm? s can be studied using this technique. One of the main
advantages of this type of experiment is that the minor reagent concentration is constant at any point
along the flow tube. As a result, the time response of the detection method is unimportant and
significant signal averaging can be performed due to the continuous nature of the technique. However,
this method relies on the assumption of plug flow!''? which limits its use to relatively low pressures. A
secondary disadvantage associated with the use of low pressures is that the reactive species undergo
more collisions with the walls. Consequently, the flow tube technique operates over a relatively limited

range below room temperature.

The second method, the flash photolysis technique, uses a slow (or static) flow reactor and a pulsed
flash to initiate the reaction by photodissociation of a suitable precursor. In this case, the reaction time
is given by the time elapsed since the initial flash. A detection method with a fast time response is
required for this technique in order to maintain a good temporal resolution. The carrier gas flow,
containing the excess reactant and the precursor molecule, is usually slow enough to ensure that the
minor reagent (radicals) have not been displaced to any great extent on the reaction timescale but it
is fast enough to avoid the next photolysis pulse acting on the same volume of gas. As the minor
reactive species is generated by photolysis of a suitable precursor; the variety of reactions that can be
studied with this method is more limited than with flow tube experiments. However, there is no limit
to the gas pressure that can be used in this technique, allowing the study of reactions at a lower

temperature than in flow tube experiments.

2.3.2. Expansion based cooling methods

Many of the molecular species of potential interest for low temperature chemistry (such as
hydrocarbons) have low vapour pressures. As a result, conventional cryogenic cooling methods are not
well suited to the study of the gas-phase reactions of these molecules because they easily condense
on the reactor walls at low temperatures. This issue can be overcome using expansion based cooling

methods. In these techniques, the cooling effect is produced by an adiabatic and isentropic expansion
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of a gas from a reservoir through an orifice or nozzle into a vacuum chamber to produce a cold

supersonic jet.

Among the expansion based cooling methods, two techniques can be distinguished: the free molecular
regime/free jet expansions and a technique that involves the use of Laval nozzles. This last method was
used during this work to determine rate constants and branching ratios for reactions of interest in cold

environments.

2.3.2.1. Free jet expansions

In free jet expansions, while the expansion of the gas occurs from a reservoir held at higher pressure
through a small orifice into a chamber held at lower pressure, the internal energy of the molecules is
transferred into directional kinetic energy within the hydrodynamic zone. Outside that zone, there are
no more collisions among molecules and their internal motions, vibration and rotation are frozen. The
physical conditions (pressure, temperature, density and velocity) vary in the different zones of the
considered jet Figure 2.5. The region where the jet is supersonic is called the zone of silence. This zone
is surrounded by boundary layers where the flow is subsonic (Mach number, M < 1) and there are large

gradients of temperature and pressure.

throat M=1 " _,ne of silence

reservoir
(high pressure) M<1 M>1 M<1

chamber (low pressure)

Figure 2.5 Free jet expansion from a high pressure reservoir through an orifice into a low pressure
chamber.

During this expansion, as thermal equilibrium is not reached only a translational temperature and a
flow velocity can be defined along the beam axis.’®> Due to the significant temperature and velocity
gradients produced during a free jet expansion, the overall rate constant is difficult to determine, but
not impossible.} Furthermore, given the extent of the zone of silence and its characteristics, only rapid
reactive processes can be studied with this technique. Usually, free jet expansions are mostly used in
spectroscopic studies because the rotational temperature can be frozen out to temperatures of a few

kelvins or even less, which simplifies considerably the spectral analysis.
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Free jet expansions are also used in Crossed Molecular Beams (CMB) where two collimated beams
(atomic or molecular) are collided together to study the dynamics of certain reaction. In this technique,
to produce the molecular beam, one or more skimmers are inserted into the supersonic zone of a free
jet expansion as shown in Figure 2.6. This arrangement allows the selection of molecules with parallel
or quasi-parallel trajectories to the beam axis and with a narrow velocity distribution. The result is a
beam of molecules moving around the same mean velocity and few or no collisions occurring between

them due to the low density of the beam. The collision energy of molecules resulting from the crossing
of the two beams is given by Ec = %M(V1 + v, — 2v,v,c050) where p is the reduced mass, v; and v,

are the velocity of the two beams and 8 is the angle of intersection of the two molecular beams. Finally,
low energy collisions are generated by varying the collision angle between the two beams and/or by
adjusting the velocity of the beams. Using this technique, reaction cross sections (c) can be determined
for different collision energies. Although CMB apparatuses are well suited to study the reaction
dynamics, because the beam densities are not precisely known, it is difficult to convert the measured

cross sections to absolute rate constants in such experiments.*

skimmer collimator

reservoir
(high pressure)

vy

chamber (low pressure)

Figure 2.6 Production of a Molecular beam
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2.4. The CRESU technique

While the free jet expansion technique solves the problem of condensation on the reactor walls at low
temperatures, their use to study the kinetics of bimolecular reactions is limited due to the low densities
in the beam and the strong velocity and temperature gradients. These factors result in the loss of local
thermodynamic equilibrium (LTE), with non-Boltzmann rotational distributions in the system and few

collisions during the expansion.

In contrast to free jet expansions, the CRESU technique is dominated by collisions and thermal
equilibrium is maintained at all points in the flow. CRESU is a French acronym (Cinétique de Réaction
en Ecoulement Supersonique Uniforme) which translates as Reaction Kinetics in a Uniform Supersonic
Flow. Rowe and coworkers developed this technique in 1984 to study the kinetics of ion-molecule
reactions, and it was adapted by Smith, Rowe and co-workers in 1992 to study the kinetics of neutral-
neutral reactions.!® This latter study brought about a turnaround in the chemistry of the interstellar
medium, clearly demonstrating that neutral-neutral reactions could remain rapid at low temperatures,
in contrast with earlier assumptions. Since then, more than 150 reactions have been studied by the
CRESU community with an emphasis on reactions involving atomic and molecular radical species in
their ground state.’” However there is still much work to do given the growing number of species
detected in the interstellar medium (to date more than 200 with most of them being neutral species)*®

along with the necessity to provide kinetic data to improve the estimations of astrochemical models.

2.4.1. Supersonic Flow

The CRESU technique is based on the adiabatic expansion of a gas through a convergent-divergent
Laval nozzle (Figure 2.7) producing a supersonic flow with uniform temperature, velocity and density
profiles for several tens of centimetres. The principal element of this technique is the axisymmetric
nozzle. The nozzle consists of two sections: first, a convergent section in which the gas is accelerated
but not compressed followed by a divergent section in which the gas is further expanded. While the
gas held in the reservoir is considered to be static with a Mach number (M < 1), at the throat of the
Laval nozzle it reaches (M = 1) and after the divergent section it can reach higher Mach numbers (M >
1). The adiabatic expansion of the gas from the high-pressure reservoir to the low-pressure chamber
results in its acceleration to supersonic velocities accompanied by the conversion of some of the
internal energy of the gas into kinetic energy lowering its temperature.?? Furthermore, the density of
the expanded gas is quite high (typically 10*° to 10 cm3) which assures frequent collisions and LTE as

was stated before.
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nozzle throat boundary layers

convergent divergent supersonic uniform flow

Figure 2.7 Scheme of a Laval nozzle and the uniform supersonic flow.

Around the uniform supersonic flow also known as the isentropic core, there are boundary layers.
These layers result from friction between the isentropic core, the internal surface of the nozzle and the
residual gases present in the chamber. Since the uniform supersonic flow is the desired part of the flow

the smaller the size of the boundary layer, the better the flow quality.

The expansion of the gas through the Laval nozzle is isentropic so that the first law of thermodynamics
and the conservation of energy allows us to write a variation of Bernoulli’s equation ( 2.18 ); which
shows that the higher velocity of the gas after the expansion results in a lower temperature.

17flow2

= Cprlow + —2 ( 2.18 )

2
vres er

C,T, +
pireser 2

where G, is the specific heat capacity at a constant pressure, Tyegerr and Ty, are the temperature in
the reservoir and at any point of the flow after the expansion respectively, Vyeser and vgy,,, are the

velocity of the gas in the reservoir and in the flow respectively.

The Mach number (M), which was introduced earlier in this section, is an essential parameter to
describe fast flows. It is defined as the ratio of the flow speed, v, to the speed of the sound in the same

fluid, a
M:EZU(VRT)Z (2.19)
a

where y is the ratio of specific heat capacities defined by y = C,/C,, with C, as the specific heat
capacity at a constant volume, R is the gas constant (R = 8.314 J K*mol?), T is the temperature of the
fluid and M,,, is its molar mass. If M < 1 the flow is subsonic, if M = 1 the flow is sonic and if M > 1 the

flow is supersonic.
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The value of y has a large influence on the calculation of the physical parameters of the flow.

v" For a monoatomic gas Cp =5/2Rand C, = 3/2R.
v For a diatomic gas C, = 7/2R and C, = 5/2R.

v For a polyatomic gas C, = 4R and C,, = 3R.

Then if argon is used as a carrier gas the values of C, and C, for a monoatomic gas give y = 5/3.
However, if a mixture of gases such as Ar and N; is used, the y value is calculated depending of the

individual C;, and C,, taking into account the molar fraction (X) as follows:

_ X1Cpq + X3C

y = (2.20)
X1Cpq + X536,

For an ideal gas, Cp — C,, = R, then by substituting expression ( 2.19 ) into ( 2.18 ) we obtain

-1

-1
Triow = Treser (1 + TM2> (2.21)

As the gas expansion is adiabatic, in order to derive other physical parameters of the flow such as

pressure and density, the Laplace law can be used PVY = constant.

i
TYPLY = ctte; Freser (1 n %1M2)y_1 (2.22)
flow

1

d -1 y-1
Td™Y = ctte; ——- = (1 + —MZ)
dflow 2

(2.23)

where Prggor and dyqser are the pressure and density in the reservoir, Py, and df,,, are the pressure

and the density in the flow.

In reality, during the expansion of the gas through the nozzle, the fluid viscosity is never zero and a
small heat exchange with the outer layer occurs. Consequently, the process is not strictly adiabatic and
these phenomena need to be considered in the calculation of the Laval nozzle profiles. An inverse
solution of the Navier-Stokes flow equations is not analytically possible but a numerical solution can
be found using a perturbation method.?? First, an ideal flow is considered where there is no viscosity
or heat exchange. A contour of an ideal nozzle (Figure 2.8) is obtained for this system when the Euler
hydrodynamic equations are solved. Secondly, a flow is computed considering that the walls of the
nozzle are at a fixed temperature (usually room temperature) and the gas has a zero velocity at the

wall (due to the non-zero fluid viscosity). This allows the calculation of a secondary flow, non-isentropic
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of thickness 6: where the gas velocity increases as the distance increases from the wall within the layer.
After this layer the rest of the boundary layer corresponds to a zone where the isentropicity of the fluid

is not always achieved.

0, I boundary layer

- = = = g
isentropic profilel, ifree flow

real nozzle profile
ideal nozzle profile ~
nozzle axis

Figure 2.8 Real and ideal nozzle profiles

The flow quality is given by the thickness of this boundary layer. The Reynolds number (R,), which is
equal to the ratio of the inertial forces (given by pressure differences on the fluid) to viscous forces

(given by the interactions of the nozzle walls on the flow) is a good indicator of the quality of the flow.

— PoL ith & o L
R, = p WIthLOCJR—e (2.24)

where p is the fluid volumetric mass, v is the flow velocity, L is the uniform flow length and u is the

dynamic viscosity of the fluid. Then a higher R, indicates a better flow with a smaller boundary layer.

The uniformity of the density profile of the supersonic flow can be affected by shockwaves. This
phenomenon produces a larger standard deviation of the temperature, density and velocity along the
flow. Shockwaves can be caused by small imperfections in the throat of the nozzle produced during

the machining process, thus, once the nozzle is manufactured it must be characterized.

2.4.2. Nozzle characterization

Before a nozzle is manufactured, calculations are performed to produce a nozzle profile, which allows
us to generate the desired physical conditions. However, small approximations during these
calculations or slight imprecisions during the machining process can produce deviations from the
desired theoretical conditions. These imperfections in the machining of the nozzle could result in
different temperature and density profiles in addition to the generation of shockwaves as mentioned
above. Consequently, each nozzle must be characterized to obtain the optimal conditions that

guarantee a uniform cold supersonic flow.
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The quality of the flow generated by a nozzle can be tested through measurements of the impact

pressure (P;) using a Pitot tube (Figure 2.9).

impact shockwave

Pitot tube

Figure 2.9 Principle of Pitot tube measurements.

A Pitot tube is a hollow tube inserted inside the flow parallel to its propagation direction. The impact
of the flow at the tip of the tube creates a shockwave, which produces an impact pressure that is
measured at the other end of the tube with a pressure gauge. The characterizations are performed by
following the evolution of the impact pressure as a function of the distance between the Pitot tube
and the exit of the nozzle. The impact pressure (P;) and the static pressure (P;) within the flow are

related by the following equation:

y+1 1
-1

+ 1\y 2y — I\
Po= R (F) i (yme T 22

Because the expansion is isentropic, the impact pressure can be expressed as a function of the reservoir

pressure (B.):

Y

1
p—p (¥ + HM? V-l( y+1 )ﬁ (2.26)
M \(y = 1)M?2 +2 2YM2 —y +1

During the measurement of the impact pressure, we must keep constant at any point the pressure in
the reservoir, the mass flow and the temperature in order to obtain the flow characteristics. The
objective is to obtain the longest and most uniform flow possible so that the impact pressure should
be stable over the greatest distance possible. Indeed, the study of slow reactions requires the longest
uniform supersonic flow possible. It is important to point out that in our case, we have calculated
supersonic flow densities of around 1 x 10 cm?3, which allows us to introduce maximum reagent

concentrations of approximately 5 x 10*> cm™ (5% of the total flow). This concentration combined with
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an exploitable time of around 300 ps and considering 4 half-lives for the decay of the minor reagent in
the reactive process allow us to study reactions with rate constants greater than 1 x 10?2 cm3s2.
Although it is not strictly necessary to follow the reaction over 4 half-lives, a better determination of

the pseudo-first-order rate constants can be achieved in this way.

At each distance between the Pitot tube and the end of the nozzle, the pressure in the reservoir and
the impact pressure are measured, allowing the physical parameters of the flow to be calculated, and
providing important information on the flow quality. As an analytical solution for expression ( 2.26 ) is
not possible, a numerical solution by an iterative algorithm is the preferred method to obtain the Mach
number. Once the Mach number for each point probed is obtained, the average temperature and
density can be derived using expressions ( 2.21 )and ( 2.23 ) respectively. In addition, the flow velocity

(v) can be calculated through the expression

YkgT

(2.27)

<
I

where kj is the Boltzmann constant (1.38065 x 1022JK*) and m is the mass of the gas in Kg.

Each nozzle is designed to produce specific conditions of temperature, density and flow velocity. Some
of the Laval nozzles used during this work are shown in Figure 2.10 and the specific characteristics of

all the nozzles used in this work are listed in Table 2.2.

Figure 2.10 Laval nozzles from the mini CRESU setup of Bordeaux
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Table 2.2 Continuous supersonic flow characteristics

Laval nozzle Mach2 N, | Mach3 N, Mach2 N, | Mach3 Ar | Mach3 Ar | Mach4 Ar | Mach2 Ar
Mach number 1.83+0.02 | 3.0+0.02 2.0+0.03 3.0£0.1 3.0£0.1 39+0.1 39+0.1
Temperature (K) 177 £2 106 +1 1272 77 %2 75%2 52+1 50+1
Carrier gas N2 N2 Ar Ar(7%) Ar Ar(7% N;) | Ar
Density (x 10%cm-3) 9.4+0.2 10.3+0.03 12.6%0.3 14.7+ 0.6 14.7+0.6 25.9+0.9 25.9+0.9
Impact Pressure (torr) 8.2+0.1 13.410.27 10.54£0.2 15.3£0.5 15.3+0.5 29.6+ 1.0 29.6x1.0
Stagnation Pressure (torr) 10.3 34.9 13.9 34.9 34.9 113 113
Chamber pressure (torr) 14 1.1 15 1.2 1.2 14 14

Mean flow velocity (ms?) 496+ 4 626 +2 419+3 479+3 479+3 505+1 505+1

2.4.3. Continuous and pulsed CRESUs: The mini continuous CRESU of Bordeaux

The CRESU technique was initially developed for continuous gas expansions achieving temperatures as
low as 8 K in the study of ion-molecule reactions. Later on it was adapted to the study of neutral-
neutral reactions and in this case the lowest temperature achieved without gas precooling is 15 K?°
and 6 K when the gas is precooled with liquid nitrogen before passing through the Laval nozzle.?
However, one of the major practical disadvantages of continuous CRESU apparatuses is the large
consumption of gases required to produce a uniform jet for several tens of centimetres. Thus, a huge
pumping capacity is necessary to conduct the experiments. For example, the original continuous CRESU
system (Université de Rennes) requires an average effective pumping capacity of 25 000 m3/h. To solve
these problems several groups around the world have developed variations of the technique. In 1995,
Atkinson and Smith?? at the University of Arizona developed a pulsed CRESU apparatus using a pulsed
electromagnetic valve to admit gas into the reservoir. In this experiment, the reservoir should be as
small as possible to assure that the flow rate into and out of the reservoir is the same leading to a
constant pressure, which is critical to achieving the continuum flow. This technique presents the
disadvantage that the gas is no longer static before being accelerated in the convergent section of the
nozzle, which can cause instabilities in the flow. A solution to this problem was presented in 2014 by
Oldham and coworkers?® using a high-force fast piezoelectric stack actuator to enable very fast high-
throughput valves. An alternative method is to insert the pulsing system a few millimetres downstream
of the nozzle throat by interrupting the flow with a slotted rotating disk?* or with a Teflon coated
aerodynamic chopper.?® While with the first design of pulsed apparatus? the lowest temperatures
were limited to around 50 K (given the small volume of the reservoir and the small pumping capacities),
the last two pulsed alternatives employing fast piezoelectric stack actuators®* and the aerodynamic

chopper method? give superior performance and achieve temperatures as low as 20 K.
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Another way to reduce the large consumption of gases and optimize the size of the experiment is to
use a miniaturized continuous CRESU setup (Figure 2.11). This experiment was developed in 2005 by
Daugey and co-workers?® at Université de Bordeaux. It consists of a stainless steel chamber 660 mm
long with a 180 mm inner diameter (Panel A). The Laval nozzle is mounted on a piston that can be
moved 350 mm along the chamber axis and is equipped with a reservoir (Panel C). The chamber is
pumped by a Roots blower backed by a mechanical pump (Leybold RUBAC WAU 1000-SOGEVAC SV300)
which operates with a pumping capacity < 1000 m3/h. The pumping speed is adjusted by a controlled
throttling valve (MKS-MEIVAC VARI-Q™ 100) (Panel B). The background pressure in the chamber and
the stagnation pressure in the reservoir are measured by capacitance manometers (Edwards O-

1.33/13.33/133.32 kPa). Using this experimental setup and our home-designed Laval nozzles,

temperatures as low as 50 K can be achieved.

Figure 2.11 (Panel A) stainless steel chamber; (Panel B) pumps, (Panel C) movable piston and reservoir;
(Panel D) interior of the chamber, (Panel E) Laval nozzle attached to the movable piston.

2.4.4. Strengths and limitations of the CRESU technique

For a long time, the production of temperatures below 100 K in the laboratory to study the kinetics of
gas-phase reactions was a major challenge to the experimentalist. Nowadays, the CRESU technique
has revolutionized gas-phase chemistry at low temperatures, allowing the study of a wide range of ion-
molecule and neutral-neutral reactions. As briefly mentioned above, CRESU experiments present

several advantages with respect to other methods used to attain low temperatures:

v' s a wall-free reactor where condensation of the reactive species is negligible
v' |s essentially the only technique that allows us to measure rate constants for molecular

processes involving electrically neutral species below 100 K

44



CHAPTER 2

v" The density, velocity and temperature are uniform along the flow

v Laval nozzle expansions are characterized by high density and frequent collisions which allow
local thermodynamic equilibrium to be maintained

v' The total number of sample molecules in the irradiated volume can be quite large given the

high density and large flows, allowing greater signal levels
Among its limitations are the following:

v Itis an expensive and large experiment

v It has a large consumption of gases and significant pumping capacities

v ltisrestricted to the measurement of relatively rapid reactions (with rate constants > 10> cm?
s1) due to the limited time in which the supersonic flow is exploitable

v' The reagents are usually restricted to a few percent of the total carrier gas flow due to the
need to maintain the nominal flow conditions (temperature and density)

v' The study of pressure dependent reactions at the same low temperature requires several
nozzles because each nozzle is designed to work under specific conditions

v' At the lowest temperatures and highest reagent concentrations, cluster formation can occur

in the cold flow

During the course of this thesis, the mini continuous CRESU setup in Bordeaux has been used to study
several neutral-neutral reactions of potential interest to planetary atmospheres and the interstellar
medium. The kinetics and branching ratios of these reactions have been investigated using a
combination of pulsed laser photolysis to create the minor reactive species in-situ and vacuum
ultraviolet laser induced fluorescence has been used to follow the changes in the concentration of the

target species.

2.4.5. Determination of the concentration in the CRESU apparatus

To be able to extract the second-order rate constant for any target reaction, it is important to
accurately determine the major reactant’s concentration. In addition, knowledge of the concentrations
of the species present in the flow allows us to minimize the influence of secondary reactions. The
concentration of a species X in the flow can be determined from the calculated total density of the
supersonic flow and the flow rates of each of the species present in the system according to expression

(2.28)

[X] = Ox * [nozzle] (2.28)
Qr
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where [X] is the concentration of the species, Qy is its flow rate, Q is the combined flow rate for all
gases that comprise the supersonic flow and [nozzle] is the characteristic density of the nozzle as
derived by the Pitot tube measurements described above (Table 2.2). The concentration of the reactive
species in the flow are generally limited to less than 5% of the total density in order to preserve the

nominal properties of the supersonic flow.

2.4.5.1. Calibration of the mass flow controllers

As the accurate determination of the majority species’ concentration depends on the performance of
the mass flow controllers, it is necessary to calibrate these devices to obtain accurate results. In this
work, the mass flow controllers Brooks Smart series (models 5850S) were used to provide accurate
control of the gas flows. These controllers are designed to work up to a specified maximum flow, which
is reported in standard units (standard cubic centimetres per minute, sccm, or standard litres per
minute, slpm). The flow controllers are factory calibrated for a specific gas (typically N) and the use of
these devices with another gas will result in a different flow rate given by the ratio of the molar specific
heat of the two gases. The new gas flow rate can be calculated approximately by multiplying the

nominal flow rate by the gas conversion factor associated with each gas Table 2.3.

Table 2.3 Gas conversion list

Gas Gas factor
Nitrogen 1

Argon 1.395
Oxygen 0.988
Acetylene 0.615

Carbon Dioxide | 0.740

Deuterium 0.995
Ethane 0.490
Ethylene 0.619
Hydrogen 1.008
Krypton 1.382
Methane 0.763
Propane 0.343
Nitric Oxide 0.995
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For example, if a mass flow controller is set to its maximum flow rate of 100 sccm of N, this same
mass-flow controller will allow a maximum of approximately 49 sccm of ethane to pass. The gas flow
conversion factors are supplied by the manufacturer and although they usually allow the actual flow
rate to be determined with reasonable accuracy, the flows can be more precisely controlled if they are
calibrated under our actual laboratory conditions. Here, we used a pressure rise method for the
calibrations. In this method, the flow controller is connected to a known volume and the pressure

increase as a function of time is recorded for different percentage values of the flow controller.

The standard volumetric flow for a perfect gas is defined as:

_ AV AnxRxT

== - (2.29)
At P, * At

where AV, At and An represent the variation of volume, time and number of moles respectively, T,

and P, are the standard temperature (273 K) and pressure (1 atm) and R is the gas constant

In the calibration volume

_ AP * Vcal

An = 2.30
n T ( )

Combining expressions ( 2.29 ) and ( 2.30 ) we are able to calculate the standard volumetric flow into

the calibration volume

_AP*TO"< cal

(2.31)
Py T * At

For each percentage value of the flow controller (0 - 100%) there is a standard volumetric flow
associated. Then if Q is plotted against the percentage value of the flow controller, a straight line is
obtained. Finally, a linear least-squares fit using expression ( 2.32 ) is performed for each gas (or gas

mixture), allowing us to precisely control the flow under our laboratory conditions.
Q=ax(0—-100)%+b (2.32)

The calibrated values obtained for the gases used during this thesis are listed in Table 2.4. Then if the
theoretical maximum flow of ethane for the flow controller d20 is 49 sccm we have an actual maximum

flow of 47.2 sccm using the calibrations performed under our laboratory conditions.
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Table 2.4 Calibration parameters for the flow controllers used during this thesis.

Flow d11 (20slpm) d41 (10slpm) d45 (0.1slpm) d05 (0.020slpm) d43 (3slpm)
Controller
Gas a b A b a b a b a b
N; 0.211 0.013 0.095 0.042 9.75E-4 -19E-4 0.029 0.025
Ar 0.268 0.373 0.120 0.221 13.7E-4  1.47E-05
0; 2.02E-4 -5.13E-05
Flow
D14 (0.5slpm) d852 (0.003slpm) d20 (0.1slpm) d35 (0.020slpm) d52 (0.1slpm)
Controller
0, 5.10E-3  -6.60E-06
N2 50.7E-4  4.75E-4
Ar 73.3E-4 -40.4E-4
CoHa 1.85E-05 4.47E-05
CO; 3.78E-3 1.17E-03 7.02E-4 1.25E-4 1.49E-4 8.83E-04
CHs 2.62E-3 2.11E-04 4.7E-4 1.96E-4
D, 5.35E-3  -1.9E-05 9.99E-4 3.36E-4
CsHs 1.84E-3  5.40E-04
H, 5.38E-3 7.72E-04 2.08E-4 1.17E-4 9.58E-4 -1.50E-4
CoH, 3.24E-3 4.86E-04 5.98E-4 8.83E-04 | 1.23E-4 3.36E-05 5.76E-4 -1.17E-4
CHa 4.08E-3  7.94E-04 7.29E-4 5.64E-4
NO 9.31E-4 2.52E-4

In order to perform these calibrations, two different calibration volumes were used depending on the
maximum flow capacities of the flow controllers. For the smallest flows (d05, d852, d20, d35, d52, d45
and d14) a reservoir with a volume around 1800 cm? was used, while for the largest flows (d11, d41
and d43), the chamber of the CRESU apparatus was used which had an approximate volume of 50000

cm3.

Boyle’s law was used to determine the volume of the reservoir and the chamber

Pl*V1=P2*V2 (233)

The chamber/reservoir was maintained under vacuum and connected to a glass balloon that was
isolated using a valve. The glass balloon was initially held at atmospheric pressure and room
temperature. A pressure gauge was attached to the chamber/reservoir to monitor the changes in
pressure when the valve was opened (Figure 2.12). Under these conditions, P; is the pressure in the
balloon (atmospheric pressure), V; is its calibrated volume (10.655 L), P, is the final pressure in the

system and V, is the total volume, which is equal to the volume in the chamber/reservoir plus the
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volume of the balloon. Finally, the volume in the chamber/reservoir can be calculated through the

following expression

Pyaiioon * Vpaiton

Vchamber/reservoir = ( > - Vballoon ( 2.34 )

P final

pressure gauge

[
o pumps
Vballon
Patm
ballon
(reference volumen) reservoir/chamber

Figure 2.12 Volume calibration setup

2.5. Production of the reactive atoms

The study of neutral-neutral reactions requires the in-situ production of atoms or radicals from a
suitable precursor molecule. Although these reactive species can be produced in several ways (pulsed
radiolysis, chemical reactions, etc) the most common method employed in CRESU experiments is

pulsed laser photolysis (PLP).

This technique employs a pulsed laser, the pump, which generates a short and intense monochromatic
laser pulse capable of breaking bonds selectively. Photolysis occurs when the molecule absorbs one or
more photons with an energy greater than its bond dissociation energy. Depending on the molecule
and the wavelength used for photodissociation, the atoms/radicals might be formed in their ground or
excited electronic states. Some advantages associated to the laser photolysis technique for the
production of radicals in situ are: the monochromatic nature of the photochemical light source, which
provides some control over radical generation by limiting the production of secondary radicals
compared with conventional polychromatic sources. In addition, as the laser pulses are generally very
short (a few ns) and very intense, radical generation is much more efficient than in experiments

employing spontaneous sources.
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In this work, the minor reactive species (C(D) + C(3P) and O('D)) were produced by PLP of precursor
molecules CBrsand Os respectively, using the fourth harmonic of an Nd:YAG laser (Spectra-Physics LAB-
150) at 266 nm. The pulse energies ranged from 21 to 26 mJ with a pulse repetition rate of 10 Hz in a
6 mm diameter beam. The photolysis laser was aligned along the supersonic flow to create a column

of atoms of uniform density.

The CBr4 precursor was introduced inside the reactor using a flow of carrier gas over solid CBrs held at
a known pressure in a separate vessel. The CBrs concentrations in the flow were estimated using the

expression ( 2.28 ):

F,
[CBr,] = CI;,BT“ * [nozzle] (2.28)
T

with

1
Fepr, = Feg * S (2.35)
Pvessel
where F¢g,, is the flow of CBrs from the vessel, Fr the total supersonic flow, [nozzle] the known total

concentration of the nozzle (see Table 2.2), F, the flow of carrier gas arriving in the vessel, P,,CBr4 the

saturated vapor pressure of CBrs at room temperature (0.72 Torr) and P,.zs.; the pressure in the

vessel, which is set by a needle valve upstream.

The multiphoton dissociation of CBrs at 266 nm produces among other fragments C(3P) and C(D)
atoms. Previous studies?” performed in the Bordeaux mini-CRESU setup under similar conditions to this

work reported a C(*D)/C(3P) ratio of (0.15 + 0.04) and (0.10 + 0.02) at 296 K and 127 K respectively.

05 molecules were synthesized by flowing O, into a quartz cell continuously irradiated by a high-
pressure mercury lamp (UVP Pen-Ray 35C-9) producing O(3P) atoms from O, photolysis. Under these

conditions, the formation of Oz occurs through the following mechanism:
0,+ hv > 0(GP)+ 0(3P) A =254nm
0CGP)+ 0, (+M) - 05 (+M)

The termolecular association reaction was enhanced by using higher pressures (700 Torr). The output

of the quartz cell was connected to the reservoir in which all the gases are mixed before entering the
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Laval nozzle. O; concentrations were estimated to be in the range (5 - 7) x 10> cm™ assuming that 5%

of the initial O, was photodissociated.?®

In chapter 5 of this thesis, a new alternative method to produce metastable N(2D) atoms is proposed
with the aim to perform kinetics studies of their reactions. Briefly, N(’D) atoms were generated through
the reaction of ground state atomic carbon (product of the photolysis of CBr4 precursor at 266 nm)

with NO molecules

c(*P)+NO - N(?D, *s)+coO
R2.S5
- 0(°*P)+CN

where the ratio [N( ?D, *S)/0( P )] has been previously estimated to be 1.5 + 0.3 at room
temperature.?® More details of this technique and how it can be used to study the kinetics of a wide

range of N(?D) atom reactions are provided in Chapter 5 section 5.2.

2.6. Detection methods coupled with the CRESU technique

Once the atoms or radicals are produced in situ from a suitable precursor in the presence of a much
larger known coreactant concentration, the changes in the concentration of the target species must
be monitored by spectroscopic techniques such as absorption, laser induced fluorescence and
chemiluminescence among others. During this thesis, vacuum ultraviolet laser induced fluorescence
(VUV LIF) was the selected technique to determine rate constants and branching ratios given its high

sensitivity and selectivity.

2.6.1. Laserinduced fluorescence technique

This technique employs a tuneable laser, the probe, to excite the desired species from a lower
electronic state to an excited electronic state. The species relaxes back to a lower electronic state
through the emission of a photon. These photons are collected using a photomultiplier tube, which is
usually positioned perpendicular to the pump and probe lasers to minimize detection of any scattered
light from them. The fluorescence can be either at the same wavelength as the excitation source
(resonant) or at a different wavelength (non-resonant). For molecular species, both types of
fluorescence can be observed given the various vibrational and rotational levels within each of the
electronic states. Once the molecules are excited, they can relax into any of the several vibrational
levels in the lower electronic state emitting photons at several discrete wavelengths. However, for

atomic species, only resonant fluorescence can be observed because they do not have rotational
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and/or vibrational energy levels. As the frequency of a laser with a narrow spectral bandwidth is tuned
to match the transition of the species to be detected, this excitation is usually very selective. The
efficiency of fluorescence is given by the quantum yield, which expresses the relation between the
number of emitted and absorbed photons according to the expression:

& = Nemittea photons

(2.36)

Nabsorbed photons
It is well known that the intensity of fluorescence in a sample is proportional to concentration
according to the Beer-Lambert law. Furthermore, the intensity of fluorescence is dependent on the
intensity of the incident laser under unsaturated regime conditions;*° as a result, attention should be
paid to small fluctuations in the intensity of the laser, which can affect the measured fluorescence

intensity.

In this work, the changes in the concentration of the desired atoms were followed by on-resonance
VUV LIF. The required wavelength was produced using the second harmonic of an Nd:YAG laser
(Quantel YG980) to pump a narrowband dye laser (Quantel TDL 90). The resulting tuneable beam was
directed into a Beta Barium Borate (BBO) crystal to double the frequency (SHG), producing UV light
that was steered and focused into a cell containing a specific noble gas for frequency tripling (THG).
Argon was added for phase matching purposes. (The pressures used in the tripling cell for each rare
gas and the excitation wavelength are given in Table 2.5). The resulting tuneable VUV light was
collimated at the output of the cell by a magnesium fluoride (MgF>) lens and directed into the chamber.
The tripling cell was attached perpendicular to the reactor and the supersonic flow through a 75 cm
long sidearm. The sidearm was constantly flushed by Ar or N, to avoid attenuation of the VUV beam
by reactive gases in the chamber. Furthermore, circular baffles were collocated along the length of the

side arm to trap the divergent residual UV radiation.

Table 2.5 Rare gas pressures used to detect H(*S), O(*D), C(*P) and N(’D) in addition to their transition

and transition wavelengths.

Species H(3S) 0o('D) C(®P) N(?D)
Pressures in the 210 Kr 100 Xe 100 Xe 40 Xe
tripling cell (torr) 540 Ar 230 Ar 360 Ar 560 Ar
Excitation

121.567 115.215 127.755 116.745

Wavelength (nm)

Transitions 1s2S %-2p 2P° % 2p 1D-3s 1D° 2522p2 3P-2522p3d 3D° 2522p3 2D°-2522p?(3P)3d 2F
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The fluorescence emission of the sample was collected using a solar blind photomultiplier tube (PMT)
that was isolated from the flow reactor by a lithium fluoride (LiF) window. The zone between the
window and the PMT was maintained under vacuum to prevent supplementary losses of light by
atmospheric absorption. Moreover, a LiF lens was used to focus the fluorescence onto the
photocathode of the PMT. With the aim to reduce the collection of scattered light close to the
observation zone an arrangement of circular baffles was placed between the supersonic flow and the

LIF window in addition to those between the LiF window and the LiF lens.

The reaction kinetics is followed by recording the fluorescence intensity from the sample as a function
of delay time between the probe and pump lasers. This delay is controlled by a delay generator
(Quantum Composers Model 9518+) which is coupled to a boxcar integrator (Stanford Research System
SR250 with module SR280 computer interface). An oscilloscope (Lecroy Wavelet 354A) is used to
optimize the fluorescence signal and to place the gate with respect to the fluorescence signal.
Instrument control and signal acquisition are controlled using the platform “Laboratory Virtual

Instrument Engineering Workbench (LabVIEW)”.

The temporal profile of the fluorescence signal is generally composed of more than 70 points, some of
them recorded with the probe laser firing before the pump laser to establish the baseline. Each of
these points consists of 30 laser shots recorded at each delay time point to reduce the uncertainty in

the measurements due to small fluctuations of the laser energy.

A schematic representation of the CRESU setup, including the detection and acquisition systems in our
laboratory is shown in Figure 2.13. Specific changes in the setup due to the different experimental

configurations will be detailed in each chapter.
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Figure 2.13 Schematic representation of the CRESU apparatus used to follow H(?S) atom formation at
121.567 nm.

2.7. Determination of errors

The uncertainties on a reported measurement generally consist of the combination of the statistical
and systematic errors, which are differentiated depending on the method used to estimate their
numerical values.3! The statistical errors are determined using statistical methods such as the standard
deviation of the mean of a series of measurements, the method of least squares to fit a curve, analysis
of variance etc. In contrast, the systematic errors are usually based on scientific judgment according to
the available information on the system and they are difficult to determine exactly because they arise

through uncontrolled changes during the experiments.

2.7.1. Statistical errors and weighting

The statistical errors on the rate constants were determined in Origin (9.0) software using a least-
squares fitting method in which the best fitting curve to a given set of points is found by reducing x?

according to the expression:
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n
X% = Z w;(Y; — ¥;)? (2.37)
i=1

with w; the weight, Y; experimental measurements, ¥; expected value

The pseudo-first-order rate constants were obtained from a nonlinear fit to the experimental data
(section 2.1.1). No weighting was necessary for these determinations because intensity measurements
are not ponderable. The second-order rate constant was obtained in a linear fit when the pseudo-first-
order rate constants were plotted against the concentration of the reactant in excess (section 2.1.1).
In this case, an instrumental weighting was used according to the expression:

0ji

Where gj; is the standard deviation obtained from the pseudo-first-order rate constant in the nonlinear
fit to the experimental data. The overall statistical error is based on two stages of analysis, first the
determination of the pseudo-first-order rate constant and its associated standard deviation, followed
by the use of this standard deviation as the weighting parameter for the determination of the second

order rate constant.

The uncertainties on the branching ratios are reported at the 95% confidence level, employing a
Student’s T distribution. To obtain these uncertainties the critical value t is multiplied by the standard
error of the mean. t is obtained depending on the number of degrees of freedom of the sample and
the percentage of confidence (95% in this case) and the standard error of the mean is equal to the

standard deviation of the sample divided by the square root of the number of measurements.

2.7.2. Systematic errors

Systematic errors in the CRESU experiments arise from a wide range of sources including uncertainties
on the calibration of the mass-flow controllers and the subsequent determination of the concentration
of the reactants and the total gas density in the flow and errors in other devices such as pressure
gauges. Although the mass-flow controllers were calibrated to reduce these effects, there could be still
slight fluctuations given by their sensitivity to small variations in the room temperature and other
effects. Furthermore, as the supersonic flows are characterized in previous experiments, the
establishment of the required flow conditions for each temperature are based on pressure

measurements and the pressure gauges could be also sensitive to small changes in room temperature.
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Systematic errors in our CRESU experiments are usually estimated to be 10%, obeying a rectangular
distribution where it is equally probable that the uncertainty value lies anywhere within the interval +
10%. For the experiments where secondary reactions might have influenced the overall rate constant,

a value of 20% was used instead.

2.7.3. Combination of statistic and systematic errors

In this thesis, the reported uncertainties in the rate constants consist of a combination of the statistical

and systematic errors according to the following expression

u 2
() = [(usys)? + (=) xk

where U, is the statistical error and ug,,; is the systematic error.

This procedure allows us to report an uncertainty, u(k), which depends on the statistical errors result
of the mathematical treatment of the data and systematic changes in the measurements such as

uncertainties on the estimation of the densities during the experiments.

2.8. Master equations calculations

During the course of this work, statistical calculations employing MESMER (Master Equation Solver for
Multi-Energy Well Reactions) code were performed to complement the experimental results. MESMER
is an open source code (C ++) that uses matrix techniques to formulate and solve the Energy Grained
Master Equations for unimolecular systems composed of an arbitrary number of wells, transitions

states, sinks and reactants.*?

MESMER uses the energy and structures of the transition states and complexes calculated by quantum
chemical calculations to obtain phenomenological rate constants k(T, P) for unimolecular systems. To
deduce these rate constants the phase space for all wells on the potential energy surface (PES) is
divided into grains of specific width and average energy Ei.. The time evolution of these grain
populations are then calculated individually to obtain the time evolution for the concentration of each
species. The isoenergetic reaction rates between grains of different isomers are calculated using a Rice,
Ramsperger, Kassel and Marcus (RRKM) theory for processes with a barrier or using the inverse Laplace
Transform (ILT) for a barrierless process. The energy transfer probabilities between different grains of

the same species are obtained using an exponential down model parametrized by an energy
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independent AE;,,,, Which represents the average energy transferred in a downward direction upon

collision with a bath gas molecule.3234

Once both reactive and collisional transition probabilities have been obtained from RRKM theory and
the exponential down model, the time-resolved change in the grain populations can be described using
a set of coupled differential equations with the form given below

%p = Mp (2.39)
Where p is a vector containing the populations of the grains for each isomer, n;(E, t), M is the matrix
that determines grain population evolution due to collisional energy transfer and reactive loss and gain
for each grain. Expression ( 2.39 ) shows that the solution of the master equation can be reduced to a
standard eigenvalue problem and diagonalization of M yields the corresponding eigenpair solutions.
For many chemical systems, it is possible to observe a separation in eigenvalues, with the bulk
corresponding to a very fast decay and a selected few corresponding to a slower decay. The
eigenvalues for a fast decay correspond to the time scale for relaxation of activated intermediates and
are often referred to as internal energy relaxation eigenvalues (IEREs). On the other hand, those for
slow decay correspond to the time scale for chemical reaction and are often referred to as chemically

significant eigenvalues (CSEs).

Finally, phenomenological rate constants from the master equation are obtained through a modified
version of the approach used by Bartis and Widom.3>3¢ Briefly, the phenomenological rate constants
for an arbitrary system may be described by a set of coupled differential equations similar to expression
( 2.39 ) but fewer in number. The primary difference is the absence of a description for collisional
relaxation kinetics (all the rate constants correspond to interconversion between species). Then for a
system of j species, the kinetics of the system may be described using a j x j rate constant matrix, K,
representing j coupled first order differential equations, where the matrix element K, is the rate
constant kya(T, P). Diagonalization of this rate matrix yields a solution of j eigenvalues and j
eigenvectors. The Bartis Widom method exploits the separation between the IEREs and the CSEs
assuming that the CSEs eigenvalues obtained from the diagonalization of matrix M are identical to
those that would be obtained from diagonalization of matrix K. This separation should be bigger than

an order of magnitude to obtain reliable Bartis Widom rate constants.3?
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MESMER code requires as input

1. The electronic + zero point energies (ZPE) for all the species. In the case of an association
reaction (A + B) the ZPE is the sum of the associated species ZPEs.

2. The vibrational and rotational constants of all the species in the reaction that are not treated

as sinks. The sink molecules are defined in the code as the products of an irreversible reaction.

The masses of the species

Symmetry number, spin multiplicity

Scaling factors (to correct for electron correlation effects)

The depth of the well and the barrier height

Leonard Jones collision parameters o and € (required to define the collision frequency)

© N o U A~ 0w

AE; (to calculate the rate of collisional energy transfer in a given molecule)

Parameters from 1 to 6 are extracted from the quantum chemical calculations. Number 7 (Leonard
Jones parameters) are necessary inputs for bath gases and species declared as modelled (molecules
that may undergo relaxation via collisions with the bath gas). These parameters are set to the default
values in the code or they can be found in the literature. Number 8, the exponential down energy
transfer parameter (AE,) is often dependent on temperature according to expression ( 2.40 ). This

parameter is adjusted depending on the experimental data.

n

T

AEq = (AE)qrer <—> (2.40)
Tref

where T is the temperature, T, is the reference temperature equal to 298 K, n is an exponent

governing the temperature dependence and (AE), s is usually floated with n to find a good

reproducibility of the experimental data.

In this work, to calculate the density of states, the external rotations of all the species are considered
to be rigid rotors whilst vibrational modes were treated as harmonic oscillators. In addition to the
RRKM formalism, tunnelling corrections using the semiclassical method described by Garrett and

Truhlar®” (WKB) were included.

Tunnelling is a quantum mechanical phenomenon whereby reactants which do not have sufficient
energy to surmount the potential energy barrier can still react as there is a non-zero probability for
reaction to occur. This phenomenon plays an important role at a low temperature allowing several

reactions characterized by a barrier to occur.2383°
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The probability of tunnelling is described by the transmission coefficient k(E). This coefficient decreases
exponentially with the height and the width of the potential energy barrier and with the square root

of the particle mass.*

In this work, to calculate the tunnelling probabilities the semiclassical WKB method is used. This
method is a one-dimensional method because tunnelling is considered only along one coordinate, the
mass-weighted intrinsic reaction coordinate (IRC). Then, only the change in potential energy along the
IRC coordinate is required to obtain the rate constants. The WKB method requires a number of ab-
initio points along the minimum energy path in order to represent the true shape of the potential
energy barrier. In this method, numerical integration is performed over the exact ab initio barrier
defined by the electronic structure calculations. Then the tunnelling probabilities are given by the

following expression

1
k(E) = 15 onp 261 n exp[ze(E)] (2.41)
where
2m (52
0(E) =7f u(E =V)ds (2.42)
S1

h is the Planck constant, u is the reduced mass, S; and S, are the classical turning points along the

reaction coordinate S, E is the energy of the grain, V is the barrier height.

As the width and height of the potential energy barrier can vary significantly with the level of theory
used to calculate them, these parameters are usually allowed to vary to find a good agreement with
the experimental data. In general, master equation calculations are a valuable tool to complement
experimental results because they offer a reliable way of extrapolating existing rate constants down

to very low temperatures and pressures, conditions that can be difficult to achieve experimentally.
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CHAPTER 3

3. The reactivity of carbon atoms

Carbon is the fourth most abundant element in the universe after hydrogen, helium and oxygen.! The
reactions of carbon in its ground electronic state (°P) have been extensively studied given their
importance in the chemistry of planetary atmospheres,? the interstellar medium?® and in combustion
processes.* Conversely, reactions of the first electronic excited state, 'D, have been less well
characterized mostly due to the difficulty to find a clean source to produce these atoms.® Very recently,
Hickson and coworkers initiated a series of measurements to investigate reactive and non-reactive

processes involving C(*D).>2

C('D) reactions are unlikely to play a role in the gas-phase chemistry of the interstellar medium because
its radiative lifetime (3230 s)° is much shorter than the time between collisions, so that these atoms
radiatively relax to the ground state before reacting. However, these atoms might play a role in the
chemistry of planetary atmospheres such as Titan, the largest moon of Saturn. In planetary
atmospheres, excited state carbon atoms can be created by the short-wavelength photodissociation
of simple carbon-containing molecules. In this regard, modelling studies!® of Titan’s atmosphere
predict a high mole fraction of tricarbon, C3(*Z4*), reaching values as high as 10” at altitudes around
800 km. This molecule photodissociates in the VUV range to produce either C(*P) or C('D) as spin
allowed products. Additionally, in the Martian atmosphere, CO molecules arising from the
photodissociation of CO, (the major constituent) can subsequently photodissociate below 100 nm to
produce C(!D) atoms in significant quantities.!! This finding suggests that these atoms might also play

a small role in the gas-phase chemistry of Mars.

Atomic carbon in its D and 3P states reacts readily with unsaturated hydrocarbon molecules such as
C2Ha, CyH4, CsHe, etc by addition to the m bonds.'>™® In contrast, C(3P) atoms are unreactive towards
saturated hydrocarbon molecules such as CH4, whereas C(*D) atoms react with these molecules
through a barrierless insertion into the C-H bonds.® While some experimental studies of C(*D) atom
reactions have been performed at room temperature'>!” there is a lack of knowledge about its
reactivity at low temperatures. Moreover, though the reactivity of C(3P) atoms with open shell
molecules such as NO or towards biradicals such as O, have been investigated previously,® little is
known about the reactivity of these molecules with C(D) atoms. To the best of our knowledge, there
are no low temperature kinetics studies involving the reaction of C(*D) with CO,, a process which might
play a role in the gas-phase chemistry of the Martian atmosphere. Recently the reactions of C(*D) with
H, and D, have been studied”® down to 50 K providing new experimental information and consequently

renewing the theoretical interest in these systems. However as far as we know there is no experimental
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information regarding the kinetics and isotopic branching ratios for the C(*D) + HD reaction at low
temperature. To address these issues in this chapter, the reactions of C(D) with CHs, C;Hs, 02, NO, HD

and CO; have been investigated over the 50 - 296 K temperature range.

In recent years there has been a growing interest in the study of reactions characterized by barriers at
the low temperature of the interstellar medium. Several gas-phase processes between neutral species
have been investigated to date showing the non-negligible role of these reactions at temperatures and
pressures relevant to dense interstellar clouds.*2* C(3P) has been observed in dense interstellar clouds
through its ground state fine structure line emission at 492 GHz,? indicating that it could be one of the
most abundant species in these regions. Moreover, water has been observed in dark clouds such as
TMC-1 and L134N typically with an upper limit of the abundance in the range 107 - 10® with respect
to H2.2%% In this chapter, the reactions of ground state carbon (°P) with water (H,0) and deuterated
water (D,0) have been experimentally studied down to 50 K with the aim to shed light on the
mechanism of this reaction at the low temperatures of the interstellar medium. Moreover, master
equations calculations were performed to help our understanding of the reaction mechanism and to
extrapolate the rate constants to the low temperatures and pressures that characterize the interstellar

medium.

3.1. Experimental details

3.1.1. Generation of atomic carbon and detection procedures

In this chapter, the kinetics of atomic carbon in collisions with several molecules have been
investigated in the mini-continuous CRESU setup of Bordeaux. The 3P and !D states of atomic carbon
were generated in situ by multiphoton dissociation of CBr,; at 266 nm. For ground state atomic carbon,
(3P), itis possible to study the reaction kinetics following directly the decay of C(3P) atoms as a function
of time by VUV LIF at 127.755 nm via the 2s?2p? 3P-2s?2p3d 3D transition. Consequently, the pseudo-
first-order rate constants can be extracted by fitting the experimental curves to expression ( 2.5 ).
However, in the case of the first excited state (*D), the identified electronic transition within the VUV
wavelength ranges where tripling techniques are efficient is itself very weak, with an Einstein
coefficient 10 times smaller than the one for C(3P) (108 s%). Then to study the kinetics of these reactions
two alternative methods can be employed. Firstly, if H-atoms are produced in the reaction (without H-
atoms produced from C(3P) reactions) the kinetics can be studied by following H-atom formation
instead and fitting the temporal profiles using expression ( 2.9 ). This is the case for the C(!D) + CHy,
C.Hg and HD reactions. Secondly, a chemical tracer method can also be employed in which H; or CH,

are added to the system in fixed quantities alongside the target excess reagent.
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c('D)+H,>CH+H R3.1
c('D) + CH, » H + products R3.2

Processes R 3.1 and R 3.2 produce H-atom yields close to unity.””?® These H-atoms are detected by VUV
LIF using the Lyman a transition at 121.567 nm (121.534 nm for D(2S)) and by applying expression ( 2.9
), the pseudo-first-order rate constant for H-atom formation can be obtained. Although C(3P) is the
major atomic product of the photodissociation of CBr4 at 266 nm, its reactions with H, and CH, under
the conditions of the present experiments can be discarded because the C(°P) + H, reaction is
endothermic by 95 kJ/mol” and the C(3P) + CH,4 reaction is characterized by an activation barrier of 51
kJ/mol.?® This chemical tracer method was employed to follow the kinetics of the C(*D) + NO, O, and

CO; reactions.

3.1.2. Temperature range

For the reaction of C(3P) atoms with water, four Laval nozzles (Mach2 N, Mach3 N, Mach3 Ar and
Mach4 Ar) were employed using N, and Ar as carrier gases to generate flows with characteristic
temperatures of 127 K, 106 K, 77 K, 75 K, 52 K and 50 K. In contrast, for the studies of C(D) atom
reactions, only argon based Laval nozzles could be used given the fast quenching of C(D) by collisions
with N2.3° Though it would be advantageous to use He as a carrier gas in these experiments given the
inefficient electronic quenching of excited atoms by this rare gas,! we do not possess any He based
Laval nozzles in our laboratory. The characteristics of the supersonic flows produced by each Laval
nozzle employed in this study can be seen in Table 2.2. Room temperature experiments were
performed by removing the Laval nozzle and by reducing the flow velocity to 73 cm s? eliminating
temperature and pressure gradients within the flow. This velocity was still high enough to ensure that
the gas in the probe region was always replenished between laser shots. In these room temperature

experiments, the CRESU chamber was used as a conventional slow-flow flash photolysis system.

3.1.3. Experimental details of the ground state carbon atoms + water reaction

To study the C(®P) + H,O reaction, a known flow of liquid water was passed into a controlled
evaporation mixing (CEM) system held at 373 K. A small flow of Ar or N, was also passed to carry the
water vapour into the reactor. The output of the CEM was flowed into a 10 cm absorption cell held at
room temperature to determine the water vapour concentration by absorption using the 185 nm line
of a mercury pen-ray lamp. The attenuation of the mercury lamp was measured with water (I) and
without water (lo) using a channel photomultiplier (CPM) operating in photon counting mode and with

an interference filter centred at 185 nm to block radiation from other mercury lines. Then the
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concentration was determined using the Beer-Lambert Law (expression 2.17) with the cross-section of
water vapour equal to 6.87 x 102° cm?2.32 The output of the absorption cell was connected to the reactor
using a heating hose maintained at 353 K to avoid condensation. Furthermore, as the water vapour
was diluted in the carrier gas we assume that no supplementary condensation losses occurred
upstream of the Laval nozzle. In the case of the C(*P) + D0 reaction, we could not introduce D,0 vapour
in the same way as H,O vapour because a large volume was necessary for the CEM reservoir.
Furthermore, the absorption cross section of D,0 is almost an order of magnitude smaller than the one
for H,O at 185 nm, which would not allow us to determine the concentration spectroscopically.
Instead, liquid D,O was held in a bubbler at room temperature and a known pressure while a small
flow of Ar or N, was used to carry the D,0 vapour into a cold trap held at 288 K to ensure that a
saturated vapour pressure of D,0% reached the Laval nozzle reservoir. This procedure allowed us to

accurately determine the D,0 concentration.

3.1.4. Branching ratio procedure

For the C(*D) + CH4, C2Hes, HD and C(*P) + H,0/D,0 reactions, branching ratio studies have been
performed by following H or D-atom formation and by comparing this signal intensity with the signal
intensity produced by the reference reactions R 3.1,” R 3.3% and R 3.434 respectively. These reference

reactions are known to have H/D-atom yields close to 100%.

c('D)+D,>CD+D R3.3
C(*P) + C,H, - H + products R3.4

To determine the branching ratios for these reactions, several pairs of pseudo-first-order curves for
the target and reference reaction were alternately obtained under the same conditions, to avoid
variations in the fluorescence intensity as a function of the experiment time. The pseudo-first-order

rate constant for the target (k’Tmrg) and the reference (k;ef) reactions were adjusted to the same value

KTyarg = krer = Kiyqu[Bl + kigay = Kpep[L] + kia)

where A4 is the minor reagent C(!D) and C(3P); B is the excess reactant from the target reaction (CHa,
C;Hs, H20 and D,0); L is the excess reactant from the reference reaction (CoHa, Hz); k represents the
overall second-order rate constant for the target multichannel reaction; k;4) represents the loss of

the minor reagent.

This method relies on the assumption that A losses due to secondary reactions and diffusion from the
reaction zone can be considered to be the same and small compared with the loss due to reaction with
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the excess reactant, thus assuring that secondary processes do not affect the k,Tmrg value. Under these

conditions, when the target and reference reactions, fitted using expression (2.9.1) (see Chapter 2),

are divided it is possible to simplify the equivalent terms

, kilATo (W)
_ kIrarg/_kﬁ

—,k;ef/MTO e kLant = ;'ef t)

A ()

with k1 the pseudo-first-order rate constant for the exit channel that leads to H-atom production, ki

Br

the loss of H-atoms.

Finally as k;ef = k’Ttarg we get the branching ratio expression

ki ki [BY ky

BT == 7 = =
g Kruarg BT K1t ko ke + Ky

Using this procedure the branching ratio can be extracted in two equivalent ways. Firstly from the ratio
of the pre-exponential factors for the target and reference reaction after correction by absorption if
necessary (see Chapter 2 section 2.2.2). Secondly, from the ratio of the H-atom signals for the target

and reference reactions at any given delay time, performing a linear fit with the slope set to zero.

3.1.5. Gases

The gases used in the experiments were not purified prior use. The suppliers and the purities are

v Linde 0, (99.999%), Ar (99.999%), Xe (99.998%), CO, (99.998%), Kr (99.99%), CH4 (99.9995%),
D2(99.8%), CaHs (99.5%)

v’ Sigma-Aldrich HD (98% atom D)

v" Messer C;H, (99.6%)

v Air Liquide H; (99.9999%), N, (99.9999%), NO (99.9%).
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3.2. The C(3P) + H,0/D;0 reactions

Water is one of the most studied molecules on Earth and in our solar system. The first observation of
interstellar water vapour was in 1969 in the Orion nebula,® and following its detection, significant
efforts have been devoted to understand its formation and destruction processes.3® As the gas-phase
abundances of water and atomic carbon are high in dense interstellar clouds (107- 10® and 10*- 10°®
ranges respectively),?® the C(3P) + H,0 reaction could play an important role in the chemical evolution
of these regions. The C(3P) + H,0 system has been previously studied using ab-initio calculations.?”38
These studies and the one performed in our group® showed that the approach of carbon to the water
molecule is barrierless allowing a prereactive complex to be formed prior to a barrier to reaction

(Figure 3.1).

100 - ML
50 |- ’AJ TSt ) \
o e "9 ke ‘ °CO+H,
~-50 | H:0..C , HOC+H :
5
E100 | TS3
> —_— —_
510 F 182 COHTH
E i
_200 - “A‘ s N
, \HCO+H
280 1 HCOH —
H,CO
-300 I

C+H,0 T H;0..C ————» HCOH ———— HCO+H

Figure 3.1 Schematic representation of the PES for the C(3P) + H,O system extracted from Hickson et
al.®

For many years it was thought that reactions characterized by barriers become negligibly slow at low
temperatures, obeying Arrhenius law. Nowadays it is known that certain complex forming processes
involving light atoms are enhanced at low temperatures.’®2* Classically, if there is a barrier on the PES
upon which reaction occurs, the barrier acts as a bottleneck to reaction and only molecules with
sufficient energy are able to surmount this barrier and proceed to products. However, when quantum
effects are taken into account, species are able to penetrate through the potential barrier that is higher
in energy than the reactants energy, a phenomenon that is known as quantum mechanical tunnelling
(QMT). Indeed, the wave functions describing the reaction intermediates of complex-forming reactions

only fall to zero for barriers of infinite height. Then as the wave functions decay exponentially with
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distance there is a non-negligible probability that the species can be found on the product side if the

barrier is sufficiently thin.*

Recent studies on the reactivity of the hydroxyl radical (OH) towards several organic molecules!®23

(methanol, ethanol, 2-propanol, etc.) and the reaction of fluorine atoms with hydrogen?* performed at
very low temperatures demonstrated that the rate constants for these processes are sometimes
enhanced by several orders of magnitude compared with those expected from Arrhenius fits to higher
temperature data. Two features characterize these processes, firstly the formation of a weak van der
Waal’s prereactive complex and secondly an overall barrier to reaction. For example, in the case of the
OH + CH30H system, ab initio calculations show that the formed prereactive complex is stabilized by
20 kJ/mol with respect to the reagent level. This system presents barriers separating reagents from
products of around 4 and 15 kJ/mol with respect to the reagent energy.** Around room temperature
and above, the weakly bound complexes have generally a short lifetime due to their high internal
energy. The most probable outcomes are passage over the barrier and/or redissociation to reagents.
However, at low temperature, the complex lifetime increases and as passage over the barrier is
inhibited because the reagents do not have sufficient energy to surmount the activation barrier, then

the exothermic product channels might be accessible by QMT through the barrier.

In these previous studies there is clear evidence of the reactivity increase at low temperatures and ab
initio calculations have demonstrated that the most probable reaction pathways involve H-atom
transfer.1921224142 However, there is still a lack of quantitative information regarding the fate of the
reagents. For the systems described above there are several possible outcomes; either the prereactive
complex can be stabilized through non-reactive collisions with the carrier gas, undergo chemical
reaction through QMT or a combination of both effects. In this regard, product formation has only
been demonstrated for two systems (OH + CH30H and F + H reactions)'*?* with neither of these studies

providing quantitative yields.

It is well known that the tunnelling probability decreases with the particle mass*® leading to slower
rate constants for reactions involving heavier isotopic variants and consequently noticeable Kinetic
Isotope Effects (KIE). While Shannon et al.’® attempted unsuccessfully to measure the KIE in
experiments using CHsOH/CDs0D, a noticeable KIE has been observed for the OH/OD + CO**** and C,H
+ CD4/CH4* reactions. In the latter case,* a positive temperature dependence was observed (Arrhenius
behaviour) and consequently QMT appears to be negligible over the studied temperature range (154 -
359 K). The slower measured rates for the C;H + CD4 reaction® were explained by the larger separation
between the zero point energy (ZPE) of the reagents and the barrier height of the respective reaction
46

complexes when deuterated methane was employed. Indeed, ab-initio calculations for this system
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do not predict the formation of a prereactive complex reinforcing the idea that such intermediates

could play an important role in raising the tunnelling probability.

In this work, we investigated the reactivity of ground state atomic carbon with water (H,0) and
deuterated water (D,0) down to 50 K to see if an increase of the reactivity at low temperature could
be observed due to QMT given the similarities of these systems with the above-explained ones. In

addition, master equation calculations were performed to shed some light on the reaction mechanism.

3.2.1. Results

To study the C(3P) + H,0 reaction two types of experiments were performed, kinetic measurements
and branching ratio determinations. To apply the pseudo-first-order approximation, the
water/deuterated water concentrations were maintained in a large and known excess with respect to

the C(3P) concentration.

3.2.1.1. Rate constants

The kinetics of these reactions were followed directly detecting the C(3P) emission at 127.755 nm as a
function of time as shown in Figure 3.2 Panels A and C. Without added H,0/D,0, carbon atoms are lost
primarily through diffusion from the detection region and when an excess of H,0/D-,0 is added to the

flow the carbon atom losses are clearly enhanced.
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Figure 3.2 Upper panels (A and B) kinetics of the C(°P) + H,O reaction recorded at 52 K; (blue solid
squares) without H,O; (blue open squares) with [H,0] = 8.3 x 10*3 cm™. Lower panels (C and D) kinetics
of the C(3P) + D0 reaction recorded at 52 K; (red solid squares) without D,0; (red open squares) with
[D;0] = 8.4 x 10* cm?. (Panel B) second-order plots of the C(*P) + H.0 reaction; (black solid circles)
recorded at 106 K; (blue solid triangles) at 52 K. (Panel D) second-order plots of the C(*P) + D0 reaction;
(green solid circles) recorded at 106 K, (red solid triangles) at 52 K. Solid lines represent linear least-
squares fits to the data, weighted by the statistical uncertainties of the individual datapoints in the
pseudo-first-order fits.

The second-order rate constants were determined from weighted linear-least square fits of the plots
of the individual k’ versus the H,0/D,0 concentration as shown in panels B and D of Figure 3.2. The
second-order rate constants obtained as a function of temperature are displayed in Figure 3.3 along

with theoretical determinations of the reactive and total rate of reaction (stabilization + reaction).
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Figure 3.3 Second-order rate constants as a function of temperature. The C(?P) + H,O reaction: (blue
solid circles) this work, (green solid diamond) Husain and Kirsch;*” (solid blue line) calculated total rate
constant (stabilization + reaction); (dashed blue line) the reactive rate constant. The C(*P) + D,O
reaction: (red solid triangles) this work (solid red line) calculated total rate constant (stabilization +
reaction); (dashed blue line) the reactive rate constant. Error bars represent the combined statistical
and systematic uncertainties.

At 106 K, the reaction of C(3P) with deuterated water was too slow to be measured and above that
temperature we were not able to identify any carbon loss for either of the systems. Table 3.1
summarizes the second-order rate constants, the concentration ranges and the number of

experiments performed in each case.

Table 3.1 Temperature dependent rate constants for the C(3P) + H,0/D,0 reactions.

T No [Hp0] (108em?)  Ke(ip)amo (10%em?s®)  No  [D,0]108cm3)  Ke(2p)ep,o(1072em’s)

106 28 0-13.6 (4.9+2.7) 23 0-5.1 <3.0
77+22 25 0-7.4 (12.8 +3.4) 50 0-85 (9.7+2.7)
75+2 30 0-83 (10.9+2.7)

5241 28 0-83 (37.0+7.8) 26 0-84 (30.4 + 7.4)
52+1 26 0-8.6 (30.1+7.8)
50+1 22 0-85 (34.7 +7.4)

9Uncertainties in the calculated temperatures represent the statistical (1c) errors obtained from Pitot
tube measurements of the impact pressure. "Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (16) and estimated systematic errors.
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From Table 3.1 it can be observed that the range of concentrations chosen to perform these
experiments is quite small. The main reason to choose such small concentrations of the major reactant
is to avoid the formation of water clusters in the supersonic flow. The exploitable range of
concentrations used in this work was extracted from previous experiments on the kinetics of the CH +
H,O reaction performed in our laboratory.*® The low concentrations used combined with the slow
second-order rate constants for these processes lead to a small range of pseudo-first-order rate
constants, potentially generating large errors in the quantitative determination of the second-order
rate constants. In the kinetics experiments performed at 106 K, the second-order rate constant for the
C(3P) + D,0 reaction is very small with a value of 4.0 x 10* ¢cm3 s In this case, given the small
concentration range and the relatively large scatter of the measured pseudo-first-order rate constants
we prefer to report an upper limiting value for the rate constant of 3.0 x 102cm?3 s, which is the result
of the sum of the nominal rate constant and the upper bound of the statistical error. In order to account
for the high scatter in the measured pseudo-first-order rate constants we estimate an additional
systematic uncertainty of 50% of the nominal rate at 106 K and 20% for all the other lower

temperatures.

3.2.1.2. Branching ratios

Up to this point, we have measured the rate constants for both reactions down to 50 K and observed
a dramatic increase below 100 K. However, following the C(3P) decay it is impossible to determine if
this reactivity increase is due to reaction through tunnelling, complex stabilization or a combination of
both effects. Then to discriminate between reactive and non-reactive losses we followed the formation
of the products H(2S) and D(3S) directly by VUV LIF at 121.567 nm and 121.534 nm respectively. To
obtain quantitative products yields, the H-atom signals for the C(3P) + H,O reaction were compared
with the H-atom signals produced by the reference reaction C(3P) + C;H4reaction. As the D and H line
strength factors are identical,** we were able to obtain quantitative yields for the C(*P) + D,0 reaction
using the same reference reaction. Typical H/D atom formation curves are shown in Figure 3.4 for the

three reactions at 52 K.
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Figure 3.4 Relative yields of atomic hydrogen and atomic deuterium products. H/D atom temporal
fluorescence profiles at 52 K. (Red circles) H-atoms from the C(P) + C;Hareaction ([CoH4] = 1.5 x 10%?
cm3); (blue triangles) ) H-atoms from the C(*P) + H.O reaction ([H20] = 1.8 x 10* cm) ; (green triangles)
D-atoms from the C(*P) + D;0 reaction ([D;0] = 2.0 x 10*3 cm™). Solid lines represent biexponential fits
to the individual datapoints.

C('D) is also produced in the supersonic flow as a product in the photolysis of CBrs. Thus, it was
necessary to analyse the influence of C(!D) + H,0/D,0 reactions in the kinetics and product branching
ratio determinations for the C(®P) reactions. The C(*D) + H,0/D,0 reactions are barrierless processes,>®
then at the low temperatures of the present experiments their rate constants can be several orders of
magnitude larger than the C(°P) ones. As mentioned earlier, above 106 K we were not able to measure
any loss of C(®P) due to its reaction with H,0/D,0, consequently at these temperatures H-atom
formation from these reactions is negligible. Then it was possible for us to study the kinetics of the
C(*D) + H,0/D,0 reactions following the formation of H/D atoms above 106 K. For the latter
experiments, to ensure a high concentration of C(!D) in the flow we used only Ar as a carrier gas due
to the fast deactivation of C(*D) in the presence of N,.> We obtained second-order rate constants of
(1.8+£0.2) x 10 cm3 st and (2.1 £0.2) x 10 cm?3 st at 296 K and 127 K respectively. These values
show that the rate constants remain fast and even increase slightly as the temperature falls. To check
the influence of these reactions on our target C(3P) + H,O/D,0 reactions we performed kinetic
measurements for two of our Ar based nozzles (M3Ar and M4Ar) adding a high concentration of N,
(IN2] = 9 x 10%° cm3) with the aim to relax the C(*D) atoms present in the flow. Then the result of these
measurements was compared with our previous results for the same nozzles in absence of N». (Figure

3.5)
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Figure 3.5 Second-order rate constants for the C(3P) + H,O reaction obtained using the M3Ar Laval
nozzle in the presence (blue solid squares, [N,] = 9 x 10*®> cm™3) and absence of N (green solid circles) at
77 K and 75 K respectively. The solid lines represent linear least squares fits to the data, weighted by
the statistical uncertainties of the individual data points derived during the pseudo-first-order fits.

From Figure 3.5 and Table 3.1 it can be observed that the second-order rate constants in the presence
and absence of N, are essentially the same, indicating that the C(!D) + H,O reaction has little or no
effect on the C(®P) + H,0 reaction. Although we do not perform the same experiments for the C('D) +
D,0 reaction, we expect a rate constant for this process similar to the one obtained for the C(!D) + H,O

reaction, given the barrierless nature of these processes.

As the C('D) + H,0/D,0 reactions are faster than the target C(3P) reactions, we were able to perform
guantitative determinations of the H/D-atom production only when N, was added to the flow. With an
added concentration of N, around 2.1 x 10%® cm™ and the rate constant® for C(!D) + N, at 50 K equal to
14.8 x 1012 cm3s we obtain a pseudo-first-order rate constant of 3.2 x 10° s}, which means that C(*D)
atoms are entirely removed from the flow within the first 10 ps. However, as can be seen from Figure
3.6 despite the high concentration of N; added to the flow, there remains a small instantaneous
production of H-atoms from the C('D) + H,O reaction during the first few microseconds (exemplified

by the black arrow), corresponding to 10 - 15% of the peak H-atom signal.
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Figure 3.6 H-atom formation curves for the target C(3P) + H,O reaction (blue solid triangles) and the
reference C(3P) + C;Hareaction (red solid circles) recorded at 52 K with [H20] = 1.8 x 10*3 cm and [C2H4]
= 1.5x 10 cm. The solid line represents biexponential fit used to determine the instantaneous H-atom
signal from the C(°P) + H,O reaction. The dashed line represents the temporal dependence of the
instantaneous H-atoms signal, using a H-atom diffusional loss rate taken from earlier work in our group
under similar conditions (see text for details).

Under these conditions to obtain more precise values for the relative product yields we subtract the
H-atom signal from the C(!D) + H,O reaction from the overall observable signal. To estimate the initial
contribution of H-atoms from the C('D) + H,O reaction we perform a biexponential fit to the data
including a non-zero contribution to the offset (this fit is represented by the solid blue line in Figure
3.6). Subsequently, the H-atoms are slowly lost by diffusion from the probe volume. This first-order
rate of H-atom diffusion can be estimated from previous H-atom formation experiments performed
under similar conditions” and is represented in Figure 3.6 by the blue dashed line. This H-atom signal
correction was not required for the reference reaction C(3P) + C,Hsbecause the C(*D) + C;H,4 reaction
is expected to occur at a similar rate'® making the H-atom contribution from this reaction negligibly
small. Indeed, we do not observe any instantaneous H-atom formation for any of the experiments
where C;H; was added. Lastly, to obtain the quantitative product yields reported in this work, several
pairs of H/D-atoms formation curves were recorded for the target and reference reactions using
different concentrations of H,O/D,0 and C;Hsreagents. These curves were divided to obtain the signal

ratio as a function of time as shown in Figure 3.7 and the branching ratios were obtained from a linear

fit with the slope set to zero.
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Figure 3.7 Ratio of the H-atom signal from the target C(3P) + H,0 and reference C(°P) + C;H,4 reactions
as a function of time. The red solid line represents the mean product yield averaged over all time points.

The branching ratios determined in this work at 52 K are summarized in Table 3.2 for both reactions
after multiplication by 0.92 to account for the measured yield of the reference reaction.3* Although we
attempted to measure branching ratios at higher temperatures, we were not able to obtain conclusive
results due to several issues. At 106 K where the carrier gas used is N, the H/D-atom signal from the
target reactions were too weak leading to large branching ratio variations when comparing with the
reference signal. This result was not unexpected due to the large uncertainties in the second-order
rate constants for the target processes at this temperature. We tried to overcome these problems by
using a much larger concentration of H,0/D,0, however, these measurements also failed, probably
due to the influence of cluster formation in the supersonic flow. At 77 K the instantaneous production
of H/D atoms from the C(*D) + H,0/D,0 was considerably larger due to the lower rate constant for the
C(*D) + N, reaction at higher temperature,® consequently we were not able to extract reliable branching

ratios under these conditions.
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Table 3.2 Branching ratios for the C(3P) + H,0/D.0 reactions measured at 52 K.

H-atom yield C(3P) + H,0 / D-atom yield C(3P) + D;0O /
[H,0] (1013 cm?3) [D,0] (103 cm?3)
H-atom yield C(3P) + C;Hq4 H-atom yield C(3P) + C;Hg4
0.65 +£0.012 0.31+0.01
0.54£0.01 0.29£0.01
0.55+0.01 0.32+0.01
3.3 0.56 £0.01 3.8 0.29+£0.01
0.52£0.01 0.25+0.01
0.55+0.01
0.58 £0.01
0.60 £0.01 0.32+0.01
0.60 £ 0.01 0.25+0.01
1.8 2.0
0.61£0.01 0.29+£0.01
0.62 £0.01 0.28 £ 0.01
Average 0.58 + 0.04° 0.29+0.02

9The uncertainties are quoted at the 1o level. °For the average branching ratios, the uncertainties are
quoted at the 95% confidence level.

3.2.1.3. MESMER calculations

Statistical calculations employing the MESMER code were performed to reconcile the results of the
kinetic and product studies for the C(*P) + H,0/D,0 reactions and to provide the basis to predict rate
constants under interstellar conditions. The energies and structures of the transition states and
complexes were calculated using quantum chemical calculations (CCSD(T), MP2, DFT/MO06-2X, CASPT2
and MRCI + Q).* For the master equations calculations we used a grain size of 20 cm™ above 150 K and
it was reduced to 10 cm™ for the lowest temperatures to avoid numerical problems and ensure
convergence of the master equation. Although the harmonic frequencies and rotational constants
were taken from the CCSD(T) calculations, we varied the prereactive complex well depth and the width
of the barrier connecting the prereactive complex and the HCOH adduct, given the large range of
energies for the stationary points between the different methods of theory. To reproduce the
experimental data, the same adjustments were applied to both systems (C(*P) + H,0 and C(3P) + D,0)
to maintain a consistent description of these two reactions. The barrierless reaction step describing
complex formation was treated using ILT. As the experimental branching ratios for the H/D atoms are
less than unity, clearly some complex stabilization occurs and this information was used to further
constrain the input parameters. To treat collisional energy transfer, AE; was taken to be equal to
400*(T/300)°% cm™ in the initial trial model but this was found to be incompatible with the

experimental results. Then we used a temperature independent AE; value. The Lennard-Jones
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parameters ¢ and & were set to 3.47 A and 114 cm™ for Ar, to 3.90 A and 82 cm™ for N,and to 5.0 A
and 150 cm™ for the C...H,0/D,0 prereactive complexes. The pressures used in the calculations were

set to the experimental values.

When we use the CCSD(T) values of the well depth for the complex, the master equation calculations
predict that some complex stabilization occurs, but bimolecular product formation is negligible. Then
to increase the yields of the reactive pathway leading to products we either substantially decrease the
height of the TS1 barrier or its width. Decreasing the barrier height leads to rate constants which
present little temperature dependence with a significantly greater value than the upper limit measured
by Husain and Young®! at room temperature. Consequently, we maintained this barrier height at the
calculated value of 32.9 kJ/mol for H,0 and 35.1 kl/mol for D,O above the reagents level and varied
the barrier width instead. To reproduce the experimental results, it was necessary to reduce the width
by a factor close to 2. In addition, it was also necessary to increase either the prereactive complex well
depth and/or the collisional energy transfer efficiency. Both of these adjustments lead to a longer
lifetime for the prereactive complex, thereby enhancing the tunnelling processes at low temperature
as well as increasing the probability of complex stabilization through three body collisions. In the
absence of either of these adjustments, the major fate of the prereactive complex is dissociation back
to reagents even at low temperatures. This is almost certainly due to the fact that the C(3P) + H,0
system is relatively small with a low density of rovibrational levels. Only when the complex well depth
is increased from -28.9 kJ/mol (CCSD(T) level) to -60 kJ/mol is a reasonable agreement found between
the calculations and the measured reaction rates/branching ratios. A good agreement could also be
obtained when the well depth is set to -46 kJ/mol in addition to the use of a temperature independent
AE,; value of 400 cm™. These latter adjustments are the ones used to obtain the calculated rates

presented in Figure 3.3.

Using the previous parameters (well depth equal to -46 ki/mol and AE,; value of 400 cm™) the
calculated branching ratios between complex stabilization and reaction yielding H + HCO products, do
not completely reproduce the experimental branching ratios at 52 K for the C(3P) + H,0 reaction. In
this case, the calculations yield 92% of product formation (H + HCO / H + H + CO) instead of the 58%
obtained experimentally. However, in the case of the C(3P) + D,O reaction at 52 K the calculations yield
30% of product formation while the experiments yield 29%. The calculated values were predicted to
decrease when the pressure increases due to an increase of the total rate constant as a result of a
more efficient complex stabilization with only a weak increase of the bimolecular product formation

rate.
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3.2.2. Discussion

The C(®P) + H,0/D,0 reactions occur through carbon atom addition to the oxygen atom of water
forming a prereactive complex 30 - 40 kl/mol below the reagent level. The probable exothermic
products H + HCO are separated from the complex by a calculated energy barrier of around 11 - 40
kl/mol.373830 There have been two previous experimental determinations of the rate constants for the

4751 yielding an upper limit of 1 x 10> cm?® s, a value that

C(®P) + H,0 reaction at room temperature
suggests a considerable barrier to products in agreement with the calculations. Then at low
temperature, the reactivity of this system to yield the exothermic products H + HCO should be inhibited

in the absence of tunnelling effects through the barrier.

As can be seen from Figure 3.3, the rate constants for both reactions increase dramatically below 100
K with higher values for the C(3P) + H,O system. Such an increase of reactivity at low temperatures
might be explained due to tunnelling through the barrier yielding products, complex stabilization in
collisions with the bath gas and by a combination of tunnelling and complex stabilization. In Figure 3.4
it can be seen that H and D-atoms products are clearly observed at 52 K indicating that tunnelling is an
important process for both reactions. As no H/D-atoms were observed in the experiments performed
above 106 K the role of tunnelling at these higher temperatures seems to be negligible, in good
agreement with the low rate constants obtained through kinetic measurements of C(3P) atom loss. The
measured branching ratios for H/D formation in the C(*P) + H,0/D,0 reactions at 52 K yield (0.58 +
0.04) and (0.29 + 0.02) respectively. These values assume that the energized HCO/DCO products do
not fragment leading to secondary H/D-atoms, which will further decrease the measured branching
ratios. Considering these low values of H/D formation branching ratios, we can state that large fractions

of C...OH,/0D; complexes do not lead to reaction, being stabilized instead.

At this point, master equation calculations can help our understanding of the C(3P) + H,0/D,0 complex
systems. Several processes characterized by the formation of a prereactive complex prior to a notable
barrier in their reactive pathways have been studied using master equations.'%2%225253 Although for all
of these processes the rate constants show a similar behaviour with a strong increase at low
temperatures, the reaction mechanisms are considered to be different. For the OH + CH3OH system,®
as no pressure dependence was observed at very low temperatures, the main process was thought to
be tunnelling through the barrier leading to reaction. In the case of OH + acetone, dimethyl ether,?
ethanol and propan-2-0l?° a pressure dependence of the rate constants was observed favouring
complex stabilization rather than reaction. Although for these latter reactions, an extrapolation of the
pressure dependent rate coefficients showed a non-zero intercept at zero pressure evidencing the

small contribution of a pressure independent bimolecular channel due to tunnelling. In many of these
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previous studies the RRKM calculations were generally unable to reproduce the experimental results
without large adjustments. For example, Shannon et al.?2 increased the well depth of the prereactive
complex by approximately 50% in order to reproduce the experimental data, and in their study of OH
+ CH30H reaction® the imaginary frequency corresponding to the transition state located at the barrier
to the methyl-hydrogen atom abstraction was divided by 4.7 leading to qualitative agreement with the

.53 used a large value of the AE; parameter (800 cm™) with the aim to

experimental data. Sleiman et a
stabilize efficiently the prereactive complex. If we compare our recent calculations and our variations

from the initial ab-initio values with these previous works, they appear to be quite reasonable.

The C(3P) + H,0/D,0 reactions show a large increase of reactivity below 100 K which can be reproduced
theoretically by increasing the depth of the potential well for the prereactive complex and
consequently its lifetime. The statistical calculations predict that while the complex stabilization step
is pressure dependent, product formation is only slightly dependent on the total pressure. Indeed,
three body collisions increase the complex lifetime, thereby increasing the possibility of tunnelling
through the barrier. As can be seen from Figure 3.3, the calculations predict that the total rate
constants measured at 77 and 106 K are the same as the tunnelling rate already with the contribution

from complex stabilization negligible at these temperatures.

The tunnelling rate (or reaction rate) at 52 K can be calculated as the total experimental rate constant
multiplied by the H-atom yield at this temperature, (approximately 21.5 x 102 cm? s). The MESMER
calculations have been used to extrapolate the rate constants for the C(3P) + H,0 reaction down to 30
K and pressures more representative of dense interstellar clouds. Our experimental data and the upper

limit of Husain and Young®! in the 52 to 300 K temperature range can be fitted using an expression of

b
the type k = a * (3%) with a=1.26 x 102 cm® st and b = -1.59. Then as the calculations show that

the tunnelling rate has a small pressure dependence, we multiply the fitted rate constants expression
by the ratio between the calculated zero pressure value and the calculated value at the pressure used
in the 52 K experiment. This ratio is equal to 0.74 leading to a modified formula with a=9.3 x 103 cm?
s, Extrapolating this expression down to 10 K we obtain a rate constant of 2.0 x 10° cm3 s'? which
suggests that C(3P) + H,0 reaction should become the most efficient mechanism for H,0 loss in current

models.

3.2.3. Relevance of the C(3P) + H,0 reaction in the interstellar medium

The study of the reaction between water and ground state atomic carbon provides additional evidence
of the importance of QMT in the chemistry of low temperature environments such as the interstellar

medium. In this work, statistical calculations have been employed to extend the measured rate
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constants to temperatures and pressures more representatives of interstellar clouds yielding an
estimated rate constant of 2 x 10"2° cm3 st at 10 K in the low-pressure limit. To evaluate the importance
of this reaction compared with other reactions involving water occurring in dense interstellar clouds
we used the reactive flux (defined as the product k[A][B] where [A] and [B] are the densities of the
reactants A and B respectively and k is the rate constant for the process). This comparison confirms
that C(®P) + H,0 reaction is the main sink for gas-phase water in dense interstellar clouds. Furthermore,
the inclusion of this reaction in astrochemical models will improve the modelled water abundances
which currently overestimate the observed water abundances by at least an order of magnitude

(Figure 3.8).2
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Figure 3.8 Modelled water abundances with and without the inclusion of the C(?P) + H.0
reaction.>*>>(Black dot-dashed line) upper limit of observed water abundances; (red dot-dashed line)
upper limit of observed OH abundances; (black continuous line) modelled water abundances; (red
continuous line) modelled OH abundances; (green continuous line) modelled HCO abundances.

The C(3P) + H,0 reaction could also be important in interstellar dust grain chemistry. Such particles are
surrounded by a water-ice mantle containing non-negligible quantities of CO,, CO and CH3;OH with
traces of other carbon, nitrogen and sulphur containing molecules.>® Astrochemical models predict
that carbon atoms in the gas-phase deplete onto these ices reacting predominantly with H-atoms to
form CH..>” If the C(®P) + H,0 reaction is introduced in the models, an alternative pathway for atomic
carbon loss is opened, yielding one or both association products HCOH and H,CO. As two
hydrogenation steps of the standard CHsOH formation mechanism (H + CO — HCO and H + H,CO —

H,COH/CH;0) are characterized by activation barriers,”® the C(3P) + H,O reaction could facilitate
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methanol formation through the barrierless H + HCOH reaction if HCOH — H,CO isomerization is

inefficient.”®

3.3. The C(*D) + CH4/CaHe reactions

Methane is the second most abundant compound in Titan’s atmosphere, where also some traces of
other hydrocarbons such as C;Hs can be found.®® The reactivity of C(3P) atoms towards saturated
hydrocarbons such as CH, and C;Hg is considerably lower than for unsaturated species such as C;Hs,
CoHs and longer carbon chain species.’>146162 |ndeed the C(3P) + CH4 reaction has been studied
theoretically using ab-initio calculations, where at low excess internal energies the reaction proceeds
mostly through insertion of C(3P) atoms into the C-H bond, a reaction path that is characterized by an
activation barrier of 51 kJ/mol.?® As C(3P) is unreactive with saturated hydrocarbons, the production of
longer chain carbon containing molecules in Titan’s atmosphere might occur instead through the

reactions of C(*D) with CH4 and C,He.

In the case of the C(*D) + CH; reaction, the reaction dynamics have been previously studied
experimentally and theoretically by Leonori et al.® This reaction is thought to occur through C(*D)
insertion into a C-H bond of CHsto form a HCCHs intermediate, which lies 394.1 kJ/mol below the
reagent level (Figure 3.9). The singlet HCCHs intermediate can dissociate into products directly or
isomerize to the global minimum C,H4 through a barrier of 3.1 ki/mol. This C;H4, which lies 706.4 kJ/mol

below the reagent level, can further dissociate leading to several possible exothermic exit pathways:

C('D)+ CHy » Hy('TF) + CH,('z}) (a)
- Hy('=§)+ CCH,( *A,) (b)
- H(?S)+ HCCH,(*4") (c) R3.5
- H(?S)+ CCH;(?A") (d)
-~ CH( ) + CHs( *A;") (e)
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Figure 3.9 Schematic representation of the C(:D) + CH4 PES. Extracted from Leonori et al.®

The kinetics of the C(1D) + CH, reaction are not well known with only two experimental determinations
at room temperature. These studies’™” were performed using the vacuum-ultraviolet flash photolysis
of carbon suboxide (C30,) to produce C(*D) and time-resolved atomic absorption spectroscopy to
follow the reaction kinetics. However, the reported rate constants differ between them by almost an

order of magnitude.

In the case of the C(D) + C;Hs reaction, to the best of our knowledge there is no dynamics or kinetic
information reported in the literature. However, this reaction occurs through the formation of a CsHs
(propene) intermediate and some information can be taken from related studies that sample the same
regions of the PES. Then previous work on the unimolecular decomposition of CsHgin its singlet ground
state® and other bimolecular reactions over the same PES®°® allow us to extract some conclusions on
the preferred exit channels for the C(!D) + C;Hs reaction. In this work, the rate constants for both
reactions have been investigated over the 50 - 296 K temperature range and H-atom yields have been
determined with the aim to clarify the reaction mechanism and the preferred products for these

reactions at low temperatures.
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3.3.1. Results

Two types of experiments were performed to study these reactions, kinetic measurements and H-atom
yields determinations. A large and known excess of the alkane concentration was maintained with

respect to C(!D) concentration to achieve pseudo-first-order conditions.

3.3.1.1. Rate constants

To follow the kinetics of these reactions the H-atoms product VUV LIF signal was recorded as a function

of time as shown in Figure 3.10.
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Figure 3.10 H(?S) VUV LIF signals as a function of time. (Left panels) C(:D) + CH, reaction at 296 K and
50 K. (Right panels) C(*D) + C;Hs reaction at 296 K and 50 K. (Red open squares) and (blue open circles)
the highest and lowest concentration of alkanes respectively. (Solid blue and red lines) functional fits to
the data using expression 2.9.

The measured pseudo-first-order rate constant as a function of the concentration of alkane are shown

in Figure 3.11
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Figure 3.11 Second-order plots of C(*D) + CH,/C;Hsreactions. (Left panel) the C(*D) + CHa reaction (right
panel) the C(D) + C;Hs reaction. Solid lines represent linear least-squares fits to the data, weighted by
the statistical uncertainties of the individual data points given by biexponential fits such as those shown
in Figure 3.10.

The second-order rate constants obtained as a function of temperature for both reactions are

displayed in Figure 3.12. In the case of the C('D) + CHq4 reaction, the rate constants are shown alongside

other experimental determinations.
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Figure 3.12 Measured rate constants as a function of temperature. C(*D) + CH, reaction (blue solid
circles) this work; (purple open diamond) Husain and Kirsch;*® (cyan solid triangle) Braun et al.Y’ The
C(*D) + C;Hs reaction (red open squares). The red solid line represents the fit to the C(*D) + C;Hs rate
data with a fixed T¢ temperature dependence (see text for details). Error bars represent the combined
statistical and systematic uncertainties.

The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 3.3.
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Table 3.3 Temperature dependent rate constants for the C(!D) + CH4 and C('D) + C,H¢ reactions.

T(K) Nb  [CH,l (10%cm3)  Ke(ip)scn, (107%ms?) N [CoHgl (10%em?3) K¢ 1pyic,n,(107%m3s)
29 42 09-86 (1.8+0.2) 21 03-2.2 (4.6+0.5)
12742 60 07-12.3 (1.9+0.2) 29 02-16 (3.4+0.4)
75+2 42 0.6-6.0 (2.3+0.3) 21 02-27 (2.8+0.3)
50+1 44 0.4-8.4 (3.0+0.3) 21 03-2.6 (3.3+0.4)

2Uncertainties in the calculated temperatures represent the statistical (10) errors obtained from Pitot
tube measurements of the impact pressure. °PNumber of individual measurements. “‘Uncertainties in
the measured rate constants represent the combined statistical (1) and estimated systematic (10%)
errors.

3.3.1.2. Influence of secondary reactions

In these experiments, given the large concentration of C(3P) produced during the photolysis of CBry it
was necessary to check the influence of secondary reactions leading to the formation of H-atoms. As
mentioned above, the C(3P) + CH,4 reaction is characterized by a barrier and should be negligible at
room temperature and below. However, as we discussed in section 3.2 despite the presence of a
significant activation barrier in the way to products, reaction could still occur at low temperatures
through QMT. To examine the possibility of this effect in the C(*P) + CH, reaction we performed a test
experiment at 50 K by adding a large concentration of N, (3.2 x 10® cm™3) to the system with the aim
to quench C(*D) atoms present in the reactor. Under these conditions, the H-atom fluorescence signal
was 8 times smaller than the measured signal in the absence of N, (Figure 3.13 left panel). This small
signal is the result of the reaction of some non-quenched C(1D) atoms with CHa. In the right panel of
Figure 3.13, the H-atom intensity recorded in the presence of N, (blue solid squares) has been
multiplied by a factor of eight, then it can be observed that the rise time of the curve is shorter,
consistent with the rapid removal of C(*D) atoms with N». In addition, the diffusional loss of H-atoms is
the same with or without N; added to the system, which indicates that other H-atom production

pathways (like those expected if tunnelling plays a role for C(3P) + CH,4 reaction) are negligible.
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Figure 3.13 Measured H-atom VUV LIF signal for the C(*D) + CH4 reaction as a function of time recorded
at 50 K. (Left panel) (red solid circles) [CH4] = 2.1 x 10™ cm™3; (blue solid squares) [CH4] = 2.1 x 10** cm™
and [N>] = 3.2 x 10*® cm™. (Right panel) the recorded intensities in presence of the N (blue solid squares)
have been multiplied by a factor of eight.

3.3.1.3. H-atom vyields

To determine absolute H-atom yields for these reactions, the H-atom signal intensities for the C(*D) +
CHa/CyHs reactions were compared with the intensity produced by the reference reaction C(!D) + H,
which is considered to produce H-atoms with a 100% yield (i.e without relaxation of C(*D) towards
C(3P)). The H-atom fluorescence signals recorded sequentially for the target and reference reactions

with the same pseudo-first-order rate constant are shown in Figure 3.14
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Figure 3.14 H-atom VUV LIF emission profiles recorded at 50 K. (Red open circles) H-atom signal from
the C(*D) + CH4reaction with [CH4] = 2.1 x 10** cm™; (red solid line) biexponential fit to the C(*D) + CH.
data points. (Blue open squares) H-atom signal from the C(*D) + Hz reaction with [H] = 2.5 x 10** cm™;
(blue solid line) biexponential fit to the C(*D) + H data points.
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The pre-exponential factors used to obtain the H-atom yields were corrected to account for absorption
losses of the VUV excitation and fluorescence intensities by residual gases (CHs and C;Hg) in the
chamber. This correction was estimated to be less than 3% for CHsand 7% for C;Hs over the entire
temperature range. The temperature dependent H-atom yields for the C(*D) + CH4/C,H¢ reactions are

listed in Table 3.4.

Table 3.4 H-atom yields for the C(1D) + CH4/C;Hs reactions as a function of temperature.

T(K) N°b  H-atom yield C(!D) + CH4 T(K) N H-atom yield C(ID) + C,Hs
296 12 0.96 £ 0.06¢ 296 9 1.09 £ 0.05
127 + 22 8 1.08 £ 0.06 127 +2
75%+2 8 1.10+0.03 752
50+1 9 1.05+0.04 50+1 2 1.05 +£0.07

9Uncertainties in the calculated temperatures represent the statistical (1) errors obtained from Pitot
tube measurements of the impact pressure. °Number of H-atom yield determinations. “The error bars
represent the statistical uncertainties at the 95% of confidence level.

3.3.2. Discussion

3.3.2.1. The C(!D) + CH4reaction

In the case of the C('D) + CH, reaction, it can be observed from Figure 3.12 that our rate constant
measured at room temperature is in excellent agreement with the previous value determined by
Husain and Kirsch®® while the value reported by Braun et al.'” is almost an order of magnitude lower.
Leonori et al.® performed a CMB study of this reaction at a collision energy of 25.3 kJ/mol along with
electronic structure calculations of the underlying PES (Figure 3.9) and RRKM theory to determine the

microcanonical rate constants k(E’) and branching ratios.

The experimental results of Leonori et al.? obtained by fitting to the laboratory angular frame and time
of flight distributions of the C(*D) + CH4 reaction indicate that this reaction occurs through a bound
intermediate having a relatively long lifetime comparable to its rotational period (known as an
osculating complex). However, their RRKM calculations predict a very short lifetime for the insertion
intermediate. To explain the differences between their experimental and theoretical findings, the
authors suggested the possibility of intersystem crossing (ISC) between the singlet and triplet states of
the HCCHs intermediate. Indeed, Kim et al.?° studied the C(3P) + CH4 reaction finding a crossing seam
between the two states (singlet and triplet) in the vicinity of the HCCHs intermediate. Then, it is possible
that the increase that we observe in the rate constant at low temperature (Figure 3.12) originates from

these non-adiabatic effects. At higher temperature, reaction over the singlet surface is expected to
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dominate due to the shorter intermediate lifetimes but as the temperature is decreased, the lifetime
of the 'HCCHs intermediate is expected to increase significantly, promoting ISC to the triplet surface
and providing additional pathways for reaction to occur. Regarding the additional pathways on the

|29

triplet surface, Kim et al.”” determined that at low excess internal energy the sole reaction products

are CoHs + H.

Leonori et al.? concluded that the dissociation pathways R 3.5 (d) and R 3.5 (e) were unimportant given
the high energy of these channels with respect to the initial 'HCCHs intermediate and the other possible
exit channels. Using a mass spectrometric technique to identify the products through electron impact
ionization, they attempted to detect the signal at m/z = 27 corresponding to the vinyl radical (C,Hs)
channel R 3.5 (c), however they were unable to observe any signal even at the lowest ionization energy
(17 eV). This result indicates that products at this mass either fell apart before reaching the detector
(which means that they lose a H-atom on a timescale shorter than the detection timescale, presumably
yielding C,H»/H,CC + H as secondary products) or underwent complete dissociative ionization. These
authors suggest that decomposition of the vinyl radical is the most probable outcome given the low
energy used in that study. More evidence of the facile secondary dissociation of vinyl radicals has been
provided by Lee at al.,%” who studied C;Hs photolysis at a photon energy of 9.5 eV, detecting the
cofragments by VUV photoionization. In this study, only 4% of the global amount of vinyl radicals at

m/z = 27 was detected.

The signal detected at m/z = 26 by Leonori et al.° corresponds to the contribution of two components:
the H-displacement channel R 3.5 (c) and the H; elimination channels R 3.5 (a) and R 3.5 (b). From the
contribution of these two components during the best-fit procedure, the authors determined a
branching ratio of 0.8 £ 0.4 between the H, and H loss pathways that equates to 44% of H, elimination
and 56% of H elimination. Then considering that all the vinyl radicals produced in the channel R 3.5 (c)
(56%) decompose to form C,H,/H>CC + H at a collision energy of 25.3 klJ/mol we should expect a H-
atom vyield for the C(*D) + CH, reaction of approximately 1.1, with two H-atoms produced due to the
secondary dissociation of the vinyl radical. This result is in excellent agreement with our determined
H-atom yields at much lower equivalent collision energies (from 3.7 kiJ/mol to 0.6 kl/mol) as shown in
Table 3.4. We obtain H-atom yields that slightly increase as the temperature falls. These results are
consistent with the role of ISC from the singlet to the triplet surface because if the vinyl radicals formed
on the triplet surface decompose mostly to form C,H,/H,CC + H as a secondary products then an

increase in the H-atom yield at low temperatures is expected.

94



CHAPTER 3

3.3.2.2. The C(*D) + C;Hs reaction

In the case of C(*D) + C;Hs reaction, no previous studies were found in the literature. Then to help our
understanding of the reaction mechanism we can refer to previous related works that sample the same
regions of the CsHg intermediate PES. The thermal unimolecular decomposition mechanism of propene
has been experimentally and theoretically studied by Hung et al.%® in the 1450 — 1712 K temperature

range. The possible exit channels identified by their quantum chemical calculations are listed below:

C3Hg > C3Hs + H (a)
— C,H; + CH; (b)
R3.6
—:CCHy + CH, (c)
- C3H, + H, (d)

These authors determined that the major product channels were likely to be R 3.6 (a) and R 3.6 (b).
From RRKM/master equations calculations they obtained an 85% yield for channel R 3.6 (a) and a 15%
yield for channel R 3.6 (b) while the other channels were considered to be negligible. Experimentally,
using a shock tube apparatus and detecting H-atoms by the Atomic Resonance Absorption
Spectroscopy (ARAS) technique, they found a H-atom yield of 1.7 — 2.0. The authors stated that their
results were in good agreement with the theoretical branching ratios given the rapid dissociation of

the vinyl (C;Hs) and allyl (CsHs) products to form secondary H-atoms.

Furthermore, the CH, + C;H4 reaction also occurs over the 1CsHg PES. On the experimental side, Gannon
et al.%>® measured H-atom yields that increase from 0.35 at 195 K to 1.08 at 498 K using a slow flow
reaction cell and LIF as a detection method. On the theoretical side, Ye et al.% performed variable
reaction coordinate transition state theory (VRC TST) calculations to determine the pressure
dependent branching ratios in the 300 - 2000 K temperature range. These authors found that the major
products channels were H + CsHs and CHs + C;Hs in addition to CsHg stabilization at 75 torr (the lowest
pressure employed in the calculations). According to their calculations, the reagents *CH, and C,H, are
455.2 kJ/mol above the energy level for CsHe, a value that can be compared to that for C(!D) + C;Hs of
approximately 750 kJ/mol above the energy level for CsHe. In our case, given the high energy of the
reagents with respect to CsHg and the low pressures employed during the experiments (1.1 — 5 torr),
intermediate stabilization is likely to be very minor. Consequently, just the bimolecular exit channels

are considered in this analysis.

Our H-atom yields determined for the C(*D) + C;Hs reaction are independent of temperature as can be

seen in Table 3.4. These values are somewhat lower than the H-atom yields determined from the
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thermal unimolecular dissociation of CsHe,®® however they are in good agreement with the high
temperature values reported by Gannon et al.®>® a result that might be expected considering the
considerable excess energy of our system compared with the !CH, + C;Hs one. In common with the
C(*D) + CH4reaction, the H-atom vyields are slightly greater than one which means that some of the

products fall apart to give secondary H-atoms.

The measured rate constants for the C(*D) + C;Hs reaction increase from (3.3 £ 0.4) x 10° cm?s* at 50
Kto (4.6 £0.5) x 10° cm3 st at 296 K. These high values (k > 1072° cm?s) are consistent with a reaction
being dominated by long-range forces.®®’! For exothermic reactions with no barrier along the reaction
path and characterized by large rate constants, classical capture theory combined with a treatment of
the long-range interactions (dipole-dipole, dipole-quadrupole, dipole-induced dipole and dispersion)
might be appropriate to describe the systems.”?”3 In the case of the C(!D) + C;H¢ reaction, as neither of
the reagents has a permanent dipole moment, reaction arises through dispersion interactions alone,
which depend on the polarizability of the individual species. Then in the absence of other long-range
interactions we would expect that the dispersion terms yield a rate constant with a slight temperature
dependence proportional to T¥%.7* The solid red line in Figure 3.12 illustrates this theoretical

dependence of the rate constant which compares quite well with the experimental values.

3.4. The C(*D) + CO3 reaction

In the Martian atmosphere, the UV photodissociation of CO, (the main constituent) produces CO
molecules.” The photodissociation of CO below 100 nm has been studied experimentally by Gao et
al.!! showing that C(*D) is produced in significant quantities. Consequently, the reaction of carbon
atoms in its first excited state with CO, might play a role in the chemistry of Mars’s atmosphere. This
reaction has two possible exothermic outcomes: reaction to form two CO molecules or electronic

quenching to produce C(*P) + CO..

c('D)+co, - Co+co (a)
- C(*P) + o, (b)

R3.7

Husain and coworkers'>7®

performed a study of all the electronic states of atomic carbon (S, D and
3P) in their interactions with CO, molecules. The results of their work were discussed based on the
symmetry of the potential energy surfaces involved in the processes according to the following
correlation diagram (Figure 3.15). These authors stated that the C('D) collision with CO; is a very
reactive process that occurs adiabatically over the A’ PES to form two ground state CO molecules, a

result that agrees with the rate constant determined at room temperature®® of (3.7 £ 1.7) x 10! cm?
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s’1. On the other hand, the electronic quenching involves non-adiabatic transitions to the triplet surface

which correlates with C(3P) + CO, products.

To the best of our knowledge, there are no other dynamics or kinetics studies on the C('D) + CO,
reaction reported in the literature. However, this reaction is expected to occur through the insertion
of C(!D) into one of the C=0 bonds of CO, to form singlet ethylenedione (OCCO), which has attracted
lots of theoretical and experimental attention.”””® These studies can shed some light on the reaction

mechanism of the C(D) + CO; reaction. In this thesis, the rate constants for this process are measured

over the temperature range 50 - 296 K.

1A'

—/ 34 147
Cl2'sg) + €Op (X1Tg) cCoX'TH + CoDIA)

: 347 CoX'Eh) + cour'y)
C23p)) + CO (A Ay) cotx'Zh + cotany)
cox'Th) + coler)

cCo'Th) + cowd)

Iv+
c(2'p;) + Co(xX'TH) cox'eh + cot@Lh

U+ cox's™) + coa’l)

C(23P)) + COxX'EY)

COXIL*Y + Colx'L™)

Figure 3.15 Correlation diagram for C + CO, with those of CO + CO assuming Cs symmetry in the collision
complex. Extracted from Husain and Newton.”®

3.4.1. Results

To apply the pseudo-first-order approximation, the CO, concentration was maintained in a large and
known excess with respect to the C(!D) concentration. The reaction of CO, with C(3P) can be neglected
because the formation of CO (}Z*) + CO (X*) products is spin forbidden and very slow at room
temperature’® while the formation of the spin allowed products CO (*X*) + CO (3I1) is endothermic. To

study the C(!D) + CO, reaction, we used a chemical tracer method (see section 3.1). The H-atom

97



THE REACTIVITY OF CARBON ATOMS

fluorescence signal (using the chemical tracer method to follow the progress of the reaction) as a

function of time with and without CO;, added are presented in Figure 3.16.
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Figure 3.16 H(*S) VUV LIF signals as a function of time for the C(*D) + CO;reaction employing C(*D) + H.
as a chemical tracer. (Left panels) reaction at 296 K and 75 K. (Right panels) reaction at 127 K and 50
K. (Red open squares) H-atom temporal profiles without CO, added. (Blue open circles) H-atom
temporal profiles with the maximum concentration of CO, added during the experiments. Solid blue
and red lines represent functional fits to the data using expression 2.9.

The measured pseudo-first-order rate constants are plotted as a function of [CO,] in Figure 3.17. The

y-intercept values represent the contributions from the C(*D) + H, (the chemical tracer) and C('D) +

CBr, (the C(!D) precursor) reactions which are constant for any single series of measurements.
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Figure 3.17 Second-order plots of the C(*D) + CO; reaction. (Red solid circles) data recorded at 296 K;
(blue solid squares) data recorded at 75 K. The solid lines represent linear least-squares fits to the data,
weighted by the statistical uncertainties of the individual data points obtained from the pseudo-first-
order fits.

The second-order rate constants obtained as a function of temperature are displayed in Figure 3.18

along with the only previous experimental determination.

L 1 " 1 L L
25 50 75 100 125 150 175 200 225 250 275 300
T/K

o

Figure 3.18 Rate constants for the C(D) + CO; reaction as a function of temperature. Experimental
studies (blue solid circles) this work using H, as a chemical tracer; (blue open circle) this work using CH,4
as a chemical tracer; (black solid square) Husain and Kirsch.'® Error bars on the present result represent
the combined statistical and systematic uncertainties.

The second-order rate constants, the CO, concentration ranges, the H, or CH4 concentration used in

each series of experiments and the number of experiments performed in each case are summarized in

Table 3.5
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Table 3.5 Temperature dependent rate constants for the C(*D) + CO; reaction.

T(K) N°  [CO,] (10%cm?3) [H2] (10 cm?3) kc(1p)+co, (10t em?s)
296 42 0-15.7 6.2 (4.2 +0.4)
127 + 22 40 0-115 7.6 (4.6+0.5)
75+2 42 0-5.7 7.6 (5.4 +0.6)
50+1 42 0-24 10.5 (5.8+0.8)

T(K) N [CO,] (10%cm?3) [CH,4] (108 cm?3) ke(1p)+co, (10H1em?s)
50+1 20 0-24 8.7 (53+009)

“Uncertainties in the calculated temperatures represent the statistical (10) errors obtained from Pitot
tube measurements of the impact pressure. °"Number of individual measurements. Uncertainties on
the measured rate constants represent the combined statistical (1c) and estimated systematic (10%)
errors.

3.4.2. Discussion

From Figure 3.18 it can be seen that our measured rate constant at room temperature is in excellent
agreement with the previous result of Husain and Kirsch'® obtained using a combination of pulsed VUV
irradiation of carbon suboxide (C30,) to produce C(!D) atoms and time-resolved atomic absorption
spectroscopy to follow the C('D) decay through collisions with CO,. Regarding the temperature
dependence of this reaction, it can be seen that when the temperature is decreased to 50 K an increase
in the rate constant is observed. In order to check for a possible secondary source of H atoms (which
might interfere with our measurements of the target C(*D) + CO, reaction), the chemical tracer H, was
replaced by CH4 with the goal to eliminate the highly reactive CH radical formed as a product of the
C(*D) + H, reaction. As can be seen from Figure 3.18, both rate constants are very similar which
indicates that the secondary formation of H-atoms is likely to play only a minor role in the present

experiments.

As far as we know, there are no other kinetic studies of this reaction. However, insertion of C('D) into
the C=0 bond of CO, will produce an ethylenedione (C,0;) molecule. Schréder et al.”® reported a
combined experimental and theoretical study of the neutral ethylenedione molecule suggesting that
the singlet state molecule is short-lived and undergoes spontaneous spin-allowed dissociation to form
two CO molecules in their ground state. These authors found a minimum energy crossing point (MECP)
between the singlet and triplet surface stating that the short-lived triplet state of the neutral
ethylenedione molecule proceeds by efficient non-adiabatic crossing to the singlet surface followed by
fast dissociation to produce ground state CO molecules. More recently, Talbi et al.”” performed an ab
initio study of the singlet (*A;) and triplet (3Zg) states of C,0,. These authors found an energy gap of

38 kJ/mol between the singlet and triplet states of C,0,. The ground state products CO (*Z*) + CO (‘Z¥)
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which correlate adiabatically with the singlet surface are located 283.7 kJ/mol below the singlet state
and the non-adiabatic products CO (*=*) + CO (3I1) lie almost 300 kJ/mol above the singlet state.
Consequently, the formation of CO (*Z*) + CO (3I1) is not possible in this case given the high-energy gap
between the singlet reactants and the non-adiabatic products. Another possible outcome for this
reaction is quenching to form C(3P) + CO,, however as these products are higher in energy than the
crossing point found by Schréder et al.”® the most likely outcome for this reaction is the formation of

CO (*=*) + CO (*=*) products.

3.5. The C('D) + HD reaction

The reactions of C(!D) with H, and its isotopic variants are important reactions in hydrocarbon
combustion chemistry and atmospheric chemistry.” Furthermore these reactions have attracted
considerable theoretical attention during the years given the simplicity of this tri-atomic system
composed by only eight electrons, thus allowing comparison between several theoretical methods.2%8!
Besides, reactions with different isotopic forms of hydrogen (D, and HD) allow us to study the mass
effects on the rate constants and dynamics of the system. Specifically, for the reaction of C(*D) with
HD we can determine the isotopic branching ratio between the CH + D and CD + H exit channels.
Although there are several experimental studies on the dynamics®*® of the C('D) + H,/D./HD
reactions, kinetics studies are scarce with most of the determinations restricted to room

178186-88  \/ery recently, Hickson and coworkers’® have extended the kinetic

temperature.
measurements for the C(*D) + H,/D; reactions down to 50 K, renewing the interest in these processes.
In these previous studies,”® the authors also analysed the behaviour of the C(*D) + H,/D; reactions over
the two lowest singlet potential energy surfaces (*A” and 'A”) using the ring-polymer molecular
dynamics method (RPMD). In this chapter, we measured rate constants and the isotopic branching

ratios for the C(1D) + HD reaction over the 50 — 296 K temperature range and compared our results

with the previous ones determined for the C(*D) + H, and D, reactions under similar conditions.

3.5.1. Results

For this reaction, kinetics experiments and isotopic branching ratio determinations were performed
following the formation of D-atoms at 121.534 nm. The pseudo-first-order approximation was applied
by maintaining the HD concentration in a large and known excess with respect to the C(!D)
concentration. Although C(3P) is produced during the photolysis of CBr4, the C(3P) + HD reaction can be

neglected at room temperature and below because of its high endothermicity.?’
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3.5.1.1.

Rate constants

The D-atom fluorescence signals as a function of time with different HD concentrations added are

presented in Figure 3.19.
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Figure 3.19 D(*S) VUV LIF signals as a function of time for the C(*D) + HD reaction. (Left panel) reaction
at 296 K and 75 K. (Right panel) reaction at 127 K and 50 K. (Red open squares) D-atom temporal profiles
with the maximum concentration of HD used during the experiments. (Blue open circles) D-atom
temporal profiles with the minimum concentration of HD used during the experiments. Solid blue and
red lines represent functional fits to the data using expression 2.9.

The measured pseudo-first-order rate constants are plotted as a function of [HD] in Figure 3.20.
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Figure 3.20 Second-order plots of the C(*D) + HD reaction. (Red solid circles) data recorded at 296 K;
(blue solid squares) data recorded at 50 K. The solid lines represent linear least-squares fits to the data,
weighted by the statistical uncertainties of the individual data points derived from the pseudo-first-
order fits.

The second-order rate constants obtained as a function of temperature are displayed in Figure 3.21

along with previous experimental determinations of the C(!D) + H, and D, reactions under similar

conditions for comparison.
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Figure 3.21 Rate constants for the C(’D) + X reactions (where X = H;, D, or HD) as a function of
temperature. C(*D) + HD reaction (green solid circles) this work; (purple open diamond) Sato et al.8®
C(*D) + H; reaction (blue solid triangles) Hickson et al.;” (black solid diamond) Sato et al.®® C(*D) + D,
reaction (red solid squares) Hickson et al.;¥ (yellow open circle) Sato et al.8® Error bars on the present
result represent the combined statistical and systematic uncertainties.

The second-order rate constants, the HD concentration ranges used and the number of experiments

performed in each case are summarized in Table 3.6.
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Table 3.6 Temperature dependent rate constants for the C(:D) + HD reaction.

T(K) Nb [HD] (10 cm3) kc( D)+HD (10%cm?3s?)
29 21 0.2-45 (2.2£0.2)
127+20 21 0233 (23+0.2)
75+2 21 0.1-1.6 (2.4+0.3)
5041 21 0.1-2.2 (2.4+0.3)

9Uncertainties in the calculated temperatures represent the statistical (1c0) errors obtained from Pitot
tube measurements of the impact pressure. °Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (1) and estimated systematic (10%) errors.

3.5.1.2. CD/CH branching ratio

To determine D-atom yields as a function of temperature the D-atom signal intensity from the C('D) +
HD reaction was compared with the D-atom signal from the reference reaction C(*D) + D, which is
considered to produce a 100% D-atom yield. D-atom fluorescence signals recorded sequentially at 50
K for the target and reference reaction with the same pseudo-first-order time constant are shown in

Figure 3.22.
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Figure 3.22 D-atom VUV LIF emission profiles recorded at 50 K. (Red open circles) D-atom signal from
the C(*D) + D, reaction with [D,] = 2.2 x 10 cm™; (red solid line) biexponential fit to the C(*D) + D, data
points. (Blue open squares) D-atom signal from the C(*D) + HD reaction with [HD] = 1.9 x 10** cm™; (blue
solid line) biexponential fit to the C(*D) + HD data points.

Relative D-atom yields were derived from the amplitude parameter A of biexponential fits to profiles
such as those shown in Figure 3.22. The absolute D-atom yield at any given temperature was thus
determined by the ratio of the A factors for the target and reference reactions. As both HD and D, have

negligible absorption cross-sections at 121.534 nm, no additional corrections to the derived signal
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amplitude values were necessary. Absolute D-atom yields were converted to the CD/CH branching

ratio using the following formula:

CD 1—D atomyield
CH D atomyield

Table 3.7 CD/CH branching ratios as a function of temperature

T(K) Nt CD/CH branching ratio
296 6 1.58 £0.17¢
127 £ 22 3 2.02+0.23
752 6 2.10+0.34
501 6 2.07 £0.22

%Uncertainties in the calculated temperatures represent the statistical (1c) errors obtained from Pitot
tube measurements of the impact pressure. "Number of individual measurements. The error bars
represent the statistical uncertainties at the 95% of confidence level.

3.5.2. Discussion

The C(*D) + HD reaction is a barrierless process occurring through the insertion of the C(!D) atom into
the H-D bond generating a strongly bound HCD intermediate which dissociates to form CH + D and CD
+ H products. As can be seen from Figure 3.21 the rate of reaction when comparing C(!D) + H,/D,/HD
reactions shows a noticeable isotope effect with the rate constants decreasing from H; to HD to D, in
agreement with the previous study of Sato et al.®¢ performed at room temperature. These authors
attributed the reactivity differences to an increase of the reduced mass of the reactants with py, <
tup < Up, and ky, > kyp > kp,. However, the rate constant reported by these authors is somewhat
smaller than our measured value for HD at room temperature. Sato et al.® produced C(*D) through the
multiphoton dissociation of carbon suboxide (C50,) at 308 nm and followed the kinetics of the reaction
by LIF probing the CH and CD products of the reaction. The discrepancy between their result and ours
could be due to the fitting procedure used by them to extract the rate constants. In their case, if the
rate constants for secondary reactions were incorrectly estimated, this could potentially lead to errors

in the derived rate constant.

From Figure 3.21 it can be seen that there is little or no temperature dependence for the C(*D) + HD
reaction with the determined values within errors in the 50 - 296 K temperature range. Interestingly,
the C('D) + H,/D; reactions show slight positive and negative temperature dependence respectively.

Hickson et al.”® explained these behaviours in the light of the spin-isomer population ratio (ortho and
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para forms) for H, and D, isotopologues. In these experiments, they have a fixed 3:1 ratio for the
ortho/para forms of H, and a fixed 2:1 ratio for D, at all temperatures due to the inefficient gas-phase
spin conversion. However, these values deviate from the expected equilibrium mixtures of ortho/para
forms as the temperature is lowered. Consequently, if the reactivity of the ortho and para forms differ
towards C('D) atoms, the observed effects on the temperature dependence should be largest at the
lowest temperatures where deviation from the equilibrium populations are greatest. In our case, a

similar effect is not expected given the absence of identical nuclei.

Regarding the CD/CH branching ratios, there are two previous experimental determinations to the best
of our knowledge. Sato et al.®® reported a value of 1.6 + 0.1 at room temperature or equivalent energy
of 3.7 kl/mol while Fisher et al.8* measured a value of 1.7 £ 0.1 at room temperature. On the theoretical
side, several calculations using different levels of theory have been performed and recently compared
in Gonzalez-Lezana et al.2° From Table 3.7, a slight increase in the branching ratios is observed as the
temperature is lowered from 296 to 127 K. While our measured branching ratio at room temperature
is in agreement with the result of Sato et al.® the theoretical values reported in the literature differ
depending on the method used. Sun et al.”® performed quantum mechanical wavepacket calculations
over the A’ PES finding a branching ratio that increases from 1.3 at room temperature to 1.6 at 50 K.
This result is quite low compared with our experimental result in the same temperature range probably
because the calculations were performed using only the A’ PES while other studies on the C('D) +
H./D>/HD systems confirm the importance of the inclusion of the first excited PES A”.7#% Joseph et
al.%! performed quasiclassical trajectory calculations over the A’ PES obtaining branching ratios of 2.1
at room temperature and 2.0 at 100 K. More recently Gonzalez-Lezana et al.®° performed statistical
guantum mechanical (SQM) and mean potential phase space theory (MPPST) calculations. They found
branching ratios that remain around 1.8 in the 100 - 500 K temperature range with the SQM method
while for the MPPST method, the branching ratio is 2.1 at 500 K and 2.0 at 100 K. The last three
methods report isotopic branching ratios that are very close to our experimental results. In general,
CD/CH branching ratios greater than unity indicate that the CD + H product channel is dominant
because the elimination of a light H-atom is faster than that of the heavy D-atom. As the CD/CH
branching ratio is considered to be a sensitive probe of the PES79#%°! this new experimental data

provides valuable information for further theoretical calculations.
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3.6. The C(*D)+NO/O; reactions

Studies of reactions involving C(*D) with NO and O, have a fundamental importance because little is
known about the reactivity of this excited state atom towards open shell molecules (NO) or biradicals
(02). The equivalent reactions involving C(3P) have been studied on several occasions at room
temperature®°2%3 gnd in the 15 — 295 K temperature range yielding rate constants that increase as the

temperature is lowered.1218%

In the case of C('D) + NO reaction there are several possible exothermic exit channels:

C('D)+NO - CN(X?z*) + 0( °P) (a)
- CN(42%I) + 0( 3P) (b)
- CN(X?zH) +0('D) (c) R3.8
- COX'ZH) + N(%D) (d)
- COX'ZH) + N(*S) (e)

The R 3.8 (e) channel is spin-forbidden and highly exothermic (-567 kJ/mol?), a fact which might
influence the overall reactivity of the system. Regarding the kinetics of this reaction there is only one
previous determination of the rate constant at room temperature. Husain and Kirsch®® produced C('D)
by pulsed VUV irradiation of carbon suboxide (C,03) and followed the kinetics by time resolved atomic
absorption spectroscopy obtaining a rate constant of (4.7 £ 1.3) x 10! cm3s™. This rate constant value
indicates that the kinetics of excited state atomic carbon in reaction with NO could be significantly

slower in comparison with the reaction between ground state atomic carbon and NO.

In the case of the C('D) + O, reaction, there are several exothermic exit channels with channel R 3.9 (c)

being spin-forbidden:

c('D)+ 0, » co(X'=*) + 0(°P) (a)
- Co(a®m) + 0(3P) (b) R3.9
- CO(X'=) + 0('D) (c)

The kinetics of this reaction has been studied by Husain and Kirsch'®> at room temperature. These
authors compared the reactivity of the excited and ground electronic states indicating that the C(1D) +
0, reaction occurs less efficiently than the C(3P) one. In this chapter, the reactivity of C(*D) with NO

and Ozis investigated over the 50 - 296 K temperature range.
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3.6.1. Results

The NO and O, concentrations were maintained in a large and known excess with respect to the C(*D)
concentration to apply the pseudo-first-order approximation. The kinetics of the C(*D) + NO and O,

reactions were studied using a chemical tracer method (see section 3.1).

3.6.1.1. Rate constants

The H-atom fluorescence signal from the chemical tracer as a function of time with different NO/O>

concentrations added at 296 and 50 K are presented in Figure 3.23.
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Figure 3.23 H-atom formation curves recorded as a function of time using the H, chemical tracer
method. (Left panel) the C(*D) + NO reaction at 296 and 50 K. (Right panel) the C(*D) + O; reaction at
296 and 50 K. (red open squares) and (blue open circles) the highest and lowest coreagent
concentrations respectively. Solid blue and red lines represent functional fits to the data using
expression 2.9.

The second-order rate constants for the C(*D) + NO and C('D) + O, reactions were obtained from the

slopes when the derived pseudo-first-order rate constants were plotted against the concentration of

NO and O; respectively (Figure 3.24).
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Figure 3.24 Second-order plots of the C(*D) + NO/O; reactions. (Left panel) the C(*D) + NO reaction (right
panel) the C(*D) + O; reaction. Solid lines represent linear least-squares fits to the data, weighted by
the statistical uncertainties of the individual data points given by biexponential fits such as those shown
in Figure 3.23

Our second-order rate constants as a function of temperature are displayed in Figure 3.25 together

with the previously reported experimental values for these reactions.
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Figure 3.25 Measured rate constants as a function of temperature. The C(2D) + NO reaction (solid green
diamonds) this work; (black solid square) Husain and kirsch;*> (blue open diamond) Braun et al.'’ The
C(*D) + Oz reaction (red solid triangles) this work; (purple open circle) ) Husain and Kirsch;* (blue solid
circle) Braun et al.X” Error bars on the present values represent the combined statistical and systematic
uncertainties.
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The second-order rate constants, the number of experiments performed in each case, the

concentration ranges for the reagents and the chemical tracer employed are summarized in Table 3.8.

Table 3.8 Temperature dependent rate constants for the C(*D) + NO and C(*D) + O, reactions.

T(K) N® ol (] ke(1pysno (10Mem’s?) N ] [H] kc( 1p)+0,(10Mcm?s?)
(10%**cm3) (10*cm3) (10%cm3)  (10%cm3)
296 37 2.3-21.6 14 (4.4 +£0.9) 39 1.2-10.1 14 (2.8+0.6)
127 £ 2° 11 0-13.1 0.7 (4.8+1.1) 41 0.9-9.8 1.7 (2.8+0.6)
127+2 35 0-16.3 1.7 (5.1+£1.0)
127+2 12 3.3-16.4 3.5 (5.5+1.4)
75+2 37 0-8.0 0.8 (6.7+1.4) 36 0.4-7.2 0.9 (2.7+0.5)
50+1 36 0-89 1.2 (9.7 £2.0) 41 0.6-9.7 1.2 (3.4+0.7)
T(K) N ol et ke(1p)ysno (10 em’s) N = 1#:5) ke(1p)10,(10Hcm?s?)
(10**cm™3) (10*cm3) (10%cm3)  (10%cm3)
296 35 1.2-10.1 0.7 (3.1+£0.7)
127+2 18 0.9-9.8 0.5 (2.7+0.6)

9Uncertainties in the calculated temperatures represent the statistical (1) errors obtained from Pitot
tube measurements of the impact pressure. °Number of individual measurements. ‘Uncertainties in the
measured rate constants taking into account a systematic error of 20% of the nominal rate constant
value due to the influence of secondary reactions in the overall chemistry of the system (see section
3.6.1.2).

3.6.1.2. Influence of secondary reactions

In these experiments, as the kinetics of the C(!D) + NO/O; reactions was followed indirectly using a
chemical tracer method, it is possible that secondary reactions could have an influence on the
formation of H-atoms, interfering with our study of the primary processes. For example, C(*P) is also
formed in the reactor as a product in the photolysis of CBrs. Then it is important to evaluate the

influence of the C(3P) + NO/O; reaction products on the overall chemistry inside the reactor.

In the case of the C(D)/C(®P) + NO system, the C(3P) + NO reaction leads to the production of 60% of
atomic nitrogen (N(*S) + N(?D)) and 40% of O(3P) at room temperature.?? Subsequently, N(’D) can react
with Hy, leading to the formation of secondary H-atom products. In addition, the C(!D) + NO reaction
could lead to O(*D) and N(2D) formation which could also react with H; to produce secondary H-atoms.
To test for the possible influence of these reactions in the rate constant measurements, we perform
additional experiments at 127 K. In these experiments, three different fixed H, concentrations ([Hz] =
0.7, 1.7 and 3.5 x 10 cm™3) were used to record the H-atom formation profiles as a function of time
using different NO concentrations. The measured pseudo-first-order rate constants as a function of NO
concentration are shown in Figure 3.26 and the second-order rate constants are listed in Table 3.8. The

y-intercept values represent the contribution from the C(!D) + H, reaction which increases with
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increasing [H,] due to the increased rate of H-atom formation. As can be seen from Table 3.8, the
second-order rate constants obtained from the slopes of these plots at 127 K are essentially the same

within experimental errors.

2r+—¥¥F 77—
20k 127K

o [H]=35x10"cm”
o [H]=17x10"cm”
m [H]=07x10"cm”
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Figure 3.26 Second-order plots of the C(*D) + NO reaction at 127 K. (Blue open squares) [H] = 3.5 x 10**
cm3; (red solid circles) [Hz] = 1.7 x 10** cm™3; (black solid squares) [H2] = 0.7 x 10** cm™3. The solid lines
represent linear least squares fits to the data, weighted by the statistical uncertainties of the individual
data points obtained from the pseudo-first-order fits.

In the case of the C(*D)/C(3P) + O, system, O(*D) is likely to be a major product for at least one of these
reactions,®% consequently the O(!D) + H, reaction will produce secondary H-atoms in the reactor
which might affect the determination of the rate constants. To check for the possible influence of these
secondary reactions in the chemistry of the system we employed CH, as a chemical tracer instead of
H, in experiments performed at 127 K and 296 K. In this case, the corresponding O(*D) + CH4 reaction
leads to only a 20% yield of secondary H-atom products®® in contrast with O(*D) + H, with a 100% atom
yield.®® Then if H-atom formation through secondary reactions of O(!D) is important in the overall
chemistry, a noticeable difference between the experiments performed with H, or CHs as chemical
tracers is expected. However, from Figure 3.27 it can be observed that the two set of experiments yield
the same second-order rate constant ((2.8 + 0.6) x 101 cm? s for H, and (2.7 £ 0.6) x 10°%° cm?3 s for
CH4 at 127 K) indicating that H-atom formation from this source is negligibly small compared with the

primary process.
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Figure 3.27 Second-order plots of the C(:D) + O; reaction at 127 K. (Green open squares) data recorded
with CH4 as a chemical tracer [CHq] = 0.5 x 10 cm™; (red solid circles) data recorded with H; as a
chemical tracer [H>] = 1.7 x 10** cm™3. The solid lines represent linear least squares fits to the data,
weighted by the statistical uncertainties of the individual data points derived from the pseudo-first-
order fits.

3.6.1.3. Numerical simulations

A secondary check was performed by running numerical simulations of the reactions potentially
involved in the overall chemistry for C(*D) + NO/O, systems using the differential integrator FACSIMILE.
Table 3.9 and Table 3.10 list the reactions used in the simulations, the rate constants for each channel

and the references for each reaction when available.
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Table 3.9 Reactions used in numerical simulations of the C(*D) + NO reaction.

i k(cm3s?)
R# Reaction Reference
296 K 127 K 75 K 50 K

a  C(*D)+NO->CO +N(?D) 44x102 51x102 6.7x102 9.7x10™2
1 b  C(*!D)+NO->CN+O0O(D) 44x102 51x10? 6.7x102 9.7x10™2

C(D)+NO->CN+0(P)  35x10M 41x10% 54x10M 7.8x10M s work
ke C(ID) + NO-> Products 44x10" 51x10" 67x10 9.7x10M
2 C('D) + H2-> CH +H 32x10° 29x10° 29x10° 27x10% 7
a  C(P)+NO - CO+N(*s) 45x10" 52x10" 56x10" 6.0x10™
; CP)+NO->CO+N(D)  45x10" 52x10" 56x10 60x10™
C(3P) + NO > CN + O(P) 60x10" 69x10™ 7.5x10™ 8.0x10™
kr  C(®P) + NO - Products 1.5x10° 1.7x10%° 19x10% 2.0x10%
O('D) + Ar=> O(*P) + Ar 53x103 60x103 64x103 67x1083
5 N(2D) + Ar > N(*S) + Ar 1.0x10%® 1.0x10%® 1.0x10%® 1.0x10%°
O('D) + H,=> OH +H 14x10° 14x10° 14x10° 14x100° &
a  CH+NO- O('D) + HCN 6.1x10 68x10 7.2x10™ 7.5x10™
b CH+NO-> O(P)+HCN 6.1x101 68x10™ 7.2x10" 7.5x10M
7 ¢ CH+NO-=H+NCO 36x10™ 40x10™ 42x10M 4.4x10M %
d  CH+NO- N(*) +HCO 12x10" 13x10" 1.4x10" 1.5x10M
kr  CH+NO-> Products 1.7x10° 1.9x10° 2.0x10%° 2.1x107%
a CH+H,—> H+CH, 12x102 7.1x10%® 86x10° 1.4x10%
8 b CH+H,-> CHs 84x10% 27x10%2 7.1x10%2 24x10% 100
kr  CH+ H,- Products 2.0x10%? 27x10%? 7.1x10%? 2.4x10%
9 N(2D) + H, > NH + H 22x102 20x10" 20x10® 1.0x10% o

a  N(D)+NO- N+ O('D) 2.1x10M1  2.1x10% 2.1x10M 2.1x 10
10 b N(D)+NO->N,+O0(P,1S) 3.9x10% 3.9x10 3.9x101 3.9x10% 101102

kr  N(*D) + NO - Products 6.0x10" 6.0x10™" 6.0x10" 6.0x10"
11 O('D) + NO-> 0O(®P) + NO 1.5x10%° 1.5x10° 15x10% 1.5x10%° &
12 CH + CBrs - Products 1.0x10 1.0x10%° 1.0x10% 1.0x10'° Estimated
K siv (cm3s?) 42x101 46x101 54x101 73x10™

kr Denotes the overall rate constant for the process.
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Table 3.10 Reactions used in numerical simulations of the C(*D) + O, reaction.

. k(cm3s?)
R# Reaction Reference
296 K 127 K 75 K 50 K
13 C(!D) +0;-> CO+O0O(*P) *e  2.8x10% 2.8x10 2.7x10% 3.4x10™ This work
2 C(*!D)+H,>CH+H* 3.2x101° 29x101° 29x10% 2.7x10% 7
a C(P)+0,>CO+0('D)*e 49x10" 6.4x10 7.6x101 87x10M
14 b C(?P)+0;> CO+O0O(3P) *e 0 0 0 0 94
kr  C(3P) + 0, Products 49x10M" 6.4x10M1 7.6x10M1 8.7x10M
15 O('D) + 0, > O(3P) + O, *e 40x10" 54x10% 59x10% 6.6x10%1 30
4 O('D) + Ar> O(P) +Ar*e  53x103 6.0x10" 6.4x103 6.7x108
6 O(*D)+H,>OH+H * 1.4x10%° 1.4x10° 1.4x10° 14x10% *®
a CH+0;>H+CO* 1.1x10% 1.7x10% 22x10% 2.7x10%
16 b CH+0:>0H+CO* 76x10? 12x10M 15x10™ 1.8x10M
CH+0,>0+H+CO* 1.9x10 29x10% 3.7x10% 4.5x10%
kr CH+ O, Products 3.8x10" 57x10% 7.4x10* 9.0x10%
a CH+H;>H+CH* 1.2x10%? 7.1x10%% 86x10%° 1.4x10%
8 b CH+H,>CHs* 8.4x101B 27x10% 7.1x10%? 2.4x10?%t 100
kr CH+ H;-> Products 20x101 2.7x10% 7.1x101 24x10™
12 CH + CBrs~> Products * 1.0x10%° 1.0x10%° 1.0x10% 1.0x107'° Estimated

a C('D)+CHs—> CHy+ Hy *e 9.0x10*" 9.5x10™ 1.2x10% 1.5x10%°
C('D) + CHs—> CoH + H + H

*e 9.0x10™ 9.5x10™ 1.2x10™ 1.5x10™ 4

17 b

kr  C(*D) + CHs-> Products 1.8x10%° 1.9x10%° 2.3x10%° 3.0x10™
a O('D)+CHs—> OH+CHs*e  1.4x10%° 1.1x10%° 1.1x10%° 1.1x107%°
18 b O('D)+CHs—> H+CH;O0 *e  3.4x10% 2.8x10% 2.8x10% 2.8x10% %

kr  O('D) + CHs - Products 1.7x10% 1.4x10%° 1.4x10%° 1.4x10%
k sim_n2 (cm?3s?) 22x101 2.7x10 2.8x10% 35x10%
k sim_cra (cm3s™) 2.7x10 29x10"

kr Denotes the overall rate constant for the process. (*) Simulations with H,. (e) Simulations with CH..

To perform these simulations, it was necessary to evaluate the rate constants for each individual exit
channel. However, as the branching ratio and temperature dependence for some of the reactions listed
above are unknown, some estimations were made in order to run the simulations and compare with
the experimental data. Other parameters needed as inputs are the concentrations of the excess
reagents (which were obtained from their partial pressures) and the concentrations of C(*D) and C(3P)
(which were estimated depending on the gas-phase concentration of CBr, and its absorption cross-
section along with the photolysis laser fluence). In the simulations, H-atom profiles were generated
over the same range of reagent concentrations as the experiments and fitted using expression 2.9.
Then the simulated second-order rate constants were obtained from the slopes of the simulated

second-order plots. Finally, the simulated second-order rate constants were compared with the input
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values for the C(D) + NO/O; reactions to check for any significant deviation as a result of secondary

chemistry leading to H-atom formation.

We estimated an uncertainty of at least 20% for the simulated rate constants given the large
uncertainties in the temperature dependences and branching ratios for several important reactions
used in the simulations. This value was obtained from a sensitivity analysis where the rate constants

of the more important secondary reactions were varied.

In the case of the C(!D) + NO reaction, from Table 3.9 it can be seen that the differences between the
simulated rate constants and the input values increase as the temperature decreases from 5% at 296
to 25% at 50 K. The reactions that have the most influence on this system are those leading to O(!D)
formation because these atoms react rapidly with H, to form atomic hydrogen (reaction 6). Indeed, if
this reaction is removed from the simulations the differences between the input and output values at
50 K decreases to 10%. The major source of O('D) in this simulation is the reaction of N(°D) + NO
(reaction 10a) with N(?D) atoms being mostly produced by C(3P) + NO (reaction 3b). As previous
branching ratio measurements®? for this reaction only give information about the sum of the N-atom
production channels (3a + 3b), we set the rate constants for each of these channels to 30% of the total
reaction rate. Consequently, it is possible that N(2D) production is overestimated in these simulations.
Moreover, the branching ratios for the individual channels of the N(?D) + NO (reaction 10) have never
been measured.!® The effect of varying the H, concentrations was also tested in the simulations at
127 K. For the [Hz] = 0.7 and 1.7 x 10 cm3, the simulated second-order rate constants are identical
with a value of 4.6 x 10* cm?® st and for [H,] = 3.5 x 10** cm3the simulated second-order rate constant
increases to 5.2 x 10! cm3 s using an input value of 5.1 x 10" cm? s for the C(!D) + NO reaction with

all three concentrations.

In the case of the C(!D) + O, reaction, the simulations were performed with both H, and CH4in a similar
manner to the experiments. From Table 3.10 it can be observed that the simulated second-order rate
constants are within 4% of the input value at 127, 75 and 50 K when H; is used as a chemical tracer. At
room temperature, a difference of 21% was obtained between the input and output second-order rate
constants indicating that secondary H-atom formation could lead to an error in the measured rate
constant at this temperature. These larger differences arise mostly from the reaction of CH with O,
(reactions 16a and c) which lead to atomic hydrogen as a major product. O(!D) atoms produced in
reaction 14a were thought to be an important source of hydrogen atoms in a similar manner to the
case of C(!D) + NO through reaction 6. However, when the branching ratio of this channel is set to zero
the differences between the input and output rate constants increase slightly at all temperatures
indicating the influence of non-linear effects in this complex system of coupled reactions. When the
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simulations are performed with CH4 as a chemical tracer, the differences at room temperature are
reduced to 13% and at 127 K the difference is within 4% of the input value. In this case, the only
secondary process leading to atomic hydrogen formation is the O(!D) + CH, reaction (reaction 18b)
with a much smaller yield than the O(!D) + H, reaction.’® Nevertheless, as our experimental room
temperature measurements employing both H; and CH, as the chemical tracers result in very similar
second-order rate constants, this might indicate that the branching ratios employed during the

simulations for the CH + O, reaction (reaction 16) overestimate the real ones.

3.6.2. Discussion

From Figure 3.25 it can be seen that while our measured rate constants at room temperature for both
reactions (C(*D) + NO/O,) are in excellent agreement with the previous measurements of Husain and
Kirsch®® the agreement with the results of Braun et al.?’ is quite poor. In the case of the C(D) + NO
reaction, a rapid increase of the rate constant is observed below 100 K reaching a value of (9.7 £ 1.1)
x 10 ¢cm3 st at 50 K, this value is two times larger than the measured rate constant at room
temperature. However, in the case of C(*D) + O, the second order rate constants displays only small

variations as a function of temperature.

To analyse these two reactions, it is interesting to compare our results with previous work on the
equivalent ground state atomic carbon reactions. The kinetics of the C(3P) + NO/O; reactions have been
studied in a CRESU apparatus over the 15 — 295 K temperature range by Smith and coworkers.1218%
These authors measured rate constants that increase as the temperature is lowered for both reactions
and explain their results in the light of the spin and orbital correlation rules, which connect reactants
to products via adiabatic potential surfaces. In the case of the C(3P) + NO reaction, Chastaing et al.®
found a rate constant that increases from (1.2 £ 0.1) x 10°cm3®s?at 295 K to (2.3 +£0.2) x 10°cm?s™!
at 15 K in a similar manner to our results for the C(D) + NO system which display a twofold increase in
the 50 — 296 K temperature range. These authors state that the rapid rate at room temperature
combined with a mild temperature dependence is characteristic of atom-radical reactions occurring
on attractive potential energy surfaces. As for these reactions, some collisions may occur over surfaces
that do not lead to thermodynamically accessible products, the increase in the rate constants as the
temperature falls may result from an increase of the proportion of collisions over the surfaces that do
lead to exothermically available products. In the C(3P,) + NO(I1g) reaction, 36 different states correlate
with the reagents, where 18 of those states correlate with the exothermic products CN(X 2Z*) + O(3P))
and the other 18 correlate with the weakly exothermic products CN(A 2I1) + O(3P;).** The 3P, ,*P; and
3P, spin-orbit states of C(°P) lie at 0, 16.4 and 43.4 cm™ respectively, then the changes in populations

of the spin-orbit states of both C(3P;) and NO(*I o) as the temperature falls could result in a wide range
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of temperatures dependences. In our case as the fine structure of C(!D,) is fivefold degenerate only
the population distribution of the spin-orbit states of NO(*I1n) changes as a function of temperature.
As a result, we might expect a negative temperature dependence for the process if the reaction

between C(D,) and ground electronic state NO(*[1/2) is one of the preferred pathways.

In the case of the C(3P) + O, reaction, Chastaing et al.'? found a rate constant that increases from (4.1
+0.2) x 10 cm® stat 295 K to (11.2 £ 0.7) x 10 cm? s at 15 K in contrast with our results that do
not display a marked temperature dependence. Chastaing et al.!? suggested that if the reactions occur
only from specific spin-orbit states of C(3P), it would lead to large changes in the overall reaction rate
as a function of temperature due to the marked change in the populations of the C(3P) spin-orbit levels
over the temperature range studied by them. In our case, as the population distribution of C(!D,) is
unaffected by temperature, we do not expect a marked negative temperature dependence for the

C(*D) + O, reaction.

Finally, we notice that the reaction of C(*D) + open shell molecules display rate constants that are
smaller than those of the reactions of C(*D) + closed-shell molecules.? This effect might be related to
the large number of electronic states correlating adiabatically with both reagents leading to small

electronic degeneracy factors and a lower corresponding reactivity.
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3.7. Astrochemical implications

The studies performed in this chapter contribute to broaden the knowledge on the reactivity of atomic
carbon in its first excited electronic state towards several molecules, complementing the previous
investigations performed in our group. In order to evaluate the relative importance of C(*D) chemistry
in Titan’s atmosphere, it is crucial to compare the reactive and non-reactive losses depending on the
reactive fluxes. C(*D) atoms will be mainly quenched to C(*P) in collision with N, the major constituent
of Titan’s atmosphere. If we consider 150 K as a representative temperature for Titan’s atmosphere,
the rate constant for non-reactive quenching with N, determined by Hickson et al.” is approximately 8
x 102 cm3 st Now, considering the mole fractions of CH; and C,Hs and the rate constants for these
processes, we can compare the effectiveness of each process. Methane is the second most abundant
compound in Titan’s atmosphere with a mole fraction upper limit of 5% of the total density.'® Then if
we take a rate constant at 150 K of 1.9 x 10%° cm3 s for the C(*D) + CH4 reaction, the reactive loss is a
factor of 1.2 larger than the non-reactive loss through collisions with N, indicating that the C(*D) + CH,4
reaction might represent an important loss process for C(1D) in Titan atmosphere. On the other hand,

106 and the rate constant for the C(*D) + C;Hs reaction

the mole fraction upper limit for C;Hg is 0.001%
at 150 K is approximately 3.4 x 10° cm? st indicating that this reaction will probably not play a

significant role in the chemistry of Titan’s atmosphere.

In the Martian atmosphere, as CO; is the main constituent, all the processes involved in its formation
and depletion play fundamental roles. In this chapter, the kinetic data for the C(*D) + CO; reaction was
extended down to 50 K showing that the rate constants remain fast below room temperature.
Consequently, the effect of this reaction should be tested on Martian atmospheric models by including

the corresponding C(*D) production channels from the VUV photolysis of CO.
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CHAPTER 4

4. The Reactivity of Electronically Excited Oxygen Atoms

Oxygen atoms in their first electronically excited state (*D) are very reactive and have been recognized
as important initiators of free radical chemistry in the Earth’s atmosphere.! Similarly to C(*D) atoms, it
is unlikely that O(*D) atoms play a role in the gas-phase chemistry of the interstellar medium because
the time between collisions in the ISM is considerably longer than the O(*D) radiative lifetime (110's).2
Although the gas-phase chemistry of excited state atoms is unimportant in the interstellar medium,
the reactions of O(!D) atoms with hydrocarbons have been identified as a possible pathway for the
formation of complex organic molecules on dust grains in star forming regions.>* The reactions of O(!D)
atoms might be important for the chemistry of planetary atmospheres however. CO; is the main
constituent of the Martian atmosphere (95%) and its photodissociation represents the basis for the
gas-phase chemistry. Excited state O('D) atoms are produced with high quantum vyields by the
photodissociation of CO, below 170 nm.> Likewise O('D) atoms can be produced by the short
wavelength photodissociation of other oxygen-bearing molecules present in Mars’s atmosphere.
These atoms will react with trace species present in the Martian atmosphere or be removed by non-
reactive collisions with CO,. In this chapter, the results of our kinetic measurements of O(!D) atoms
reactions with D,, HD, C;He, C2H2 and their deactivation by collisions with CO, and Kr are presented,
allowing us to quantify the importance of these processes to the chemistry in low temperature

environments.

4.1. Experimental details

4.1.1. Temperature range

The kinetics of O(D) atom reactions have been studied in the mini-CRESU setup of Bordeaux over the
temperature range 50 - 296 K. Three Laval nozzles (Mach2 N, Mach3 Ar and Mach4 Ar) have been
used to generate flows with characteristic temperatures of 50 K, 75 K and 127 K. The characteristics of
the supersonic flows produced by each of these nozzles are listed in Table 2.2. Similarly to the
experiments with C(*D) atoms described in Chapter 3, only Laval nozzles employing Ar as a carrier gas
were used in these studies given the fast electronic quenching of O('D) atoms in presence of N,.°
Experiments at room temperature were performed by removing the Laval nozzle and lowering the

velocity of the flow, using the CRESU chamber as a slow flow reactor.

4.1.2. Production and detection of electronically excited oxygen atoms

O('D) atoms were generated by PLP of Osas detailed in Chapter 2 section 2.5 and detected directly by

VUV LIF at 115.215 nm corresponding to the 2p !D-3s ID° transition. For the reactions of O(!D) with
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D,/HD, CoHe/CyH> and CO, the procedure to generate tuneable light is the same as explained in section
2.5. However, a change in the composition of the rare gas mixture used in the tripling cell (75 torr of
Xe and 155 torr of Ar instead of the previous 100 torr Xe and 230 torr of Ar) was found to yield
approximately 30% higher fluorescence signals compared to the ones used during our study of the

O('D) + Kr quenching reaction.

4.1.3. Experimental details of O(!D) + Kr reaction

As the second-order rate constant for the O('D) + Kr reaction is quite slow (<10 ecm3 s?) it was
necessary to add a large concentration of Kr to the flow to obtain a significant range of values for the
pseudo-first-order rate constants. The excess reactant concentration in the CRESU experiment is
typically kept at values less than 5% of the total flow in order to maintain the nominal flow properties
of the Laval nozzle (such as temperature, density and velocity). However for the reaction of O(*D) with
Kr, the highest amount of added Kr represented 11% of the flow, consequently, it was necessary to
check for any deviations of the supersonic flow properties induced by the addition of large quantities
of Kr. Thus we performed additional measurements of the impact pressure as a function of distance
with added Kr using a Pitot tube. This procedure has been detailed in chapter 2 section 2.4.2. These
calibrations showed that the velocity and density profiles of the 127 K Laval nozzle (where the fraction
of added Kr was the greatest) were within 2% of the values obtained with Ar alone, with a difference
in the calculated temperature of 1 K. Furthermore, the exploitable distance of the supersonic flow was

unaffected by the presence of Kr.

Additionally, as large Kr flows were required to perform the experiments, it was necessary to reduce
the Ar flow rate to maintain a constant reservoir pressure, which is an established parameter for each
nozzle (see table 2.2). Then as [Ar] decreases as [Kr] increases, it was necessary to correct the pseudo-
first-order rates to compensate for the reduced relaxation by Ar. This relaxation or loss of O('D) in
collision with Ar is represented by the y-axis intercept on the second-order plots. The correction

applied to the pseudo-first-order rate constants is given by the following formula
([AT]O - [AT]Kr)ko( 1D)+Ar ( 4.1 )

where [Ar], is the nominal Ar density for the specific nozzle, [Ar]k, is the Ar density with added Kr,

and ko( D)+ar is the measured second-order rate constant for O(*D) removal by Ar.® Adding this

correction to the measured pseudo-first-order rate constant, we obtain an increase of less than 10%

of the second-order rate constant.
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4.1.4. Determination of the branching ratio

For the reactions of O(!D) with C;Hs and HD, in addition to measurements of the rate constants, a
branching ratio study has also been performed following the formation of H(2S) atoms by VUV LIF at
121.567 nm. The VUV LIF signal of the target reaction was compared with the signal produced by the

reference reaction R 4.1 which is known to have a H-atom yield of 100%.’
o('D)+ H,>OH+H R4.1

In this case, given the fast electronic quenching of O(1D) in collision with the carrier gas Ar® we were
not able to use the same procedure employed in Chapter 3, which relies on the assumption that loss
of the minor reagent through collisions with the carrier gas can be considered as negligibly small
compared with the loss due to reaction with the reactant in excess. Then as typical temporal profiles
obtained following a product (Figure 4.1) are characterized by a maximum intensity (I,;,4,), Which
corresponds to a maximum time (t,,4,), some information can be extracted from the system by

employing these quantities.

0——T——T 7T T T T T T T T 1

intensity / arb. units

40 20 0 20 40 60 80 100 120 140 160 180 200

time / microseconds

Figure 4.1 H(*S) VUV LIF signal intensity as a function of time recorded at 127 K. (Blue solid circles) [C2Hs]
= 7.8 x 10™ cm3; (red solid squares) [C2He] = 8.3 x 10*3 cm?. Black arrows indicate the maximum time
and the maximum intensity in each case.

In Chapter 2 we derived the expression (2.9.1), which describes the kinetics of the system following a

product of the reaction. Applying expression (2.9.1) to the O(*D) + C,Hs reaction, which yields H-atoms

as a product, we get the following expression:
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I 1
[H] = M (e—kL(H)t - e—(k})t)
kr — ki

with ki the pseudo-first-order rate constant for the exit channel that leads to H-atom production, k7
the overall pseudo-first-order rate constant for the multichannel reaction and k; 4 the loss of H-

atoms.

Finding t,,, 4, from the upper expression implies

d[H] _ k;[0( D),
dt kr — ki

{_kL(C)e_kL(H)t + k're_k;t)}

1 kL(H)
= 1 4.2

Lnax €an be found by substituting t,,, 4, in expression (2.9.1)

I 1
— M e _kL(H) tmax

Imax k'}'

k,[C,Hg]|O( D
Inax = 1[CaHell0C )]O e kL tmax (4.3)
(k1 + ko + ks + kg)[C2He] + ko 1py)

tmax for the target and reference reaction needs to be calculated prior to the experiments for a range
of coreagent concentrations (C,Hs and H,). The values of k- were obtained from kinetic determinations
performed before the branching ratio experiments. The values of k; ) were obtained from previous
H-atom detection experiments performed under similar conditions in our laboratory. Expression ( 4.3
) links the maximum intensity with the maximum time through an exponential function. However,
when there are no secondary reactions removing H-atoms it is well known from previous experiments
under similar conditions that the loss of the H-atom product is small, with k; 4y values in the range of
2000 to 5000 s™. In addition, the calculated t,,,, values range between 12 and 33 s for all the
concentrations and temperatures studied. Consequently, the product kL(H)tmax can be considered
small and the exponential can be approximated to a straight line using the Taylor series expansion

(e™* = 1 — x). Thus we obtain the linear relation
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ki [CHel[0('D)] (1= kyntas)
(k1 + ko + k3 + ka)[CoHel + kpo( 1y L) max

Imax -

So if several values of I, are recorded for their respective t,,4y, the plots of [;,,, against t;,, for
the target and reference reactions will yield straight lines as shown in Figure 4.2. Finally, the branching

ratios can be extracted from the ratio of the slopes as k1= k7 for the reference reaction R 4.1.

Experimentally, the delay time between the photolysis and probe lasers was set to t,, 4, and L, 4, Was
recorded for a given coreagent concentration. This process was repeated up to 200 times for each
concentration and for 6 different coreagent concentrations. Lastly, due to the presence of residual
gases in the chamber, I,,,,,, was corrected to account for absorption losses of the VUV excitation laser
and fluorescence intensities. This correction was estimated to be less than 25% for C;Hs over the entire
temperature range. For the O(!D) + HD reaction the same procedure was applied to find the absolute
branching ratios. However, in this case given the negligible absorption cross-section of H, at 121.534
nm and assuming similar values for D, and HD isotopologues, it was unnecessary to correct for

absorption losses.
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Figure 4.2 Maximum intensity as a function of the maximum time at 127 K. (Blue circles) reference O(*D)
+ H; reaction. (Red squares) target O(*D) + C;Hs reaction. (Solid lines) represent weighted fits to the
individual data.
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4.15. Gases

The gases used in the experiments were not purified prior use. The suppliers and the purities are

v Linde: 02 (99.999%), Ar (99.999%), Xe (99.998%), CO, (99.998%), Kr (99.99%), D> (99.8%), CoHs
(99.5%)

v’ Sigma-Aldrich HD (98% atom D)

v" Messer C;H, (99.6%),

v Air Liquide: H; (99.9999%)

4.2. The O('D) + D2/HD reactions

The reactions of atomic oxygen in its first excited state with H, and its isotopologues (D2 and HD) are

among the simplest chemical reactions involving the O(*D) atom.

O('D)+H,>OH+H R4.1
o('D)+D,->0D+D R4.2
O('D)+HD > OH+D (a)
R4.3
- 0D +H (b)

These reactions have been extensively studied given their importance for the chemistry of planetary
atmospheres and due to the interest in their reaction dynamics. O(D) + H, is considered one of the
sources of OH radicals in the Earth’s upper atmosphere.® Moreover, this reaction might play an
important role in Mars’ atmosphere because it is thought that OH (formed by O(*D) + H,) can react
with CO to form CO,, maintaining the levels of carbon dioxide in the atmosphere.” Furthermore on the
theoretical side, O(D) + H, offers an excellent example of a simple atom-diatom insertion type

mechanism considered to involve deep potential wells.*°

Over the years, although the reactions of O(!D) + H, and its isotopic variants have been considered as
insertion like benchmark reactions, there has been a significant debate regarding the precise nature of
the mechanism that dominates the dynamics.!! In the early 1980s, the debate was centred on the
insertion vs the abstraction mechanism over the same ground state potential energy surface (1!A’). On
the experimental side, Smith and Butler!? proposed both, a simple H-atom abstraction and insertion
into the H-H bond to form a short-lived vibrationally excited adduct, with the insertion channel
dominating OH formation. Aker and Sloan®® proposed an insertion mechanism in which the lifetime of

the HOH intermediate complex was very short. On the theoretical side, the first trajectory
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calculations!*!> and statistical approaches?? also dealt with the same issue regarding the identification

of the mechanism that determines the dynamics of the process.

Until the 1990s, little attention was given to the possible contributions of excited PESs to the dynamics
of the reaction. The quasi-classical trajectory (QCT) calculations by Berg et al.?® found that the
trajectories that sample the excited PES yield different dynamics from those that remain on the ground
PES. In 1999, the development of the ab initio PESs for the lowest excited state (1'A”) of water?’
allowed a more complete characterization of the dynamics mechanism for this process. Then it was
18,19

generally accepted that the reaction on the ground 1'A’ PES proceeds via an insertion mechanism

while the dynamics on excited PESs (11A”, 2'A’,....) is the result of an abstraction reaction pathway.?"

22

Nowadays, it is well known that different energy regimes are dominated by different reaction
mechanisms.2212 Lju et al.?* performed an investigation of R 4.2 using a crossed molecular beam
technique to study the reaction in the energy range 8.37 - 13.39 kJ/mol. These authors found a
transition between complex forming dynamics at lower energy to an abstraction process at higher
energy. The QCT calculation of Aoiz et al.®® over the same energy range found similar results for
increasing collision energies with the appearance of an abstraction mechanism and a larger

contribution from the 1*A” PES.

More recently, Hickson and Suleimanov’ performed a combined experimental and theoretical
investigation of R 4.1. These authors studied the temperature dependence of the rate constant over
the 50 - 296 K temperature range (or at equivalent low collision energies) using the mini CRESU setup
of Bordeaux. Furthermore, ring polymer molecular dynamics (RPMD) calculations were used to derive
the rate constants over the ground state PES (1!A’) and the excited PES (1!A”). They found a major
contribution for the surface 1'A’ to the rate constant while the contribution of 1'A”” surface decreases
dramatically as the temperature or energy falls. The agreement between the experimental and
theoretical results in their work was good with the difference between the measured and calculated
rate constants less than 25%. These differences were hypothesized to be due to non-adiabatic coupling

between the 1'A” and 2*A’ surfaces.

In general, at low collision energies, the reactions of O(*D) with H, and its isotopologues (D, and HD)
are thought to occur predominantly on the ground state PES. This PES correlates adiabatically with the
ground state products H(2S) + OH(X?I1) through the ground A; state of the water molecule by O(*D)
insertion into the H-H bond to form an H,0 intermediate with no barrier in the entrance channel. This

intermediate lies 703 kJ/mol below the reagent level.”2635273% Syrprisingly, the kinetics for these
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reactions has not been well characterized. While the rate constants for the O(*D) + H, reaction have
been studied in the combined 50 - 420 K temperature range,’%3 there are only room temperature
measurements for the other isotopologues.®3%-*! The rate constants at room temperature for the three

systems show that the reactions are fast with ko( 1D+ Hy Dy HD >100cm3 st

In this section, we report the rate constants measurements for reactions R 4.2 and R 4.3 over the 50 -
296 K temperature range, where quantum effects are likely to be more pronounced. Our experimental
results are compared with four theoretical methods designed to treat complex-forming reactions:
Mean Potential Phase Space Theory (MPPST), Statistical Quantum Mechanical method (SQM), Ring
Polymer Molecular Dynamics (RPMD) and Quantum Mechanical (QM).*? Furthermore, it is known that
studies of the H; isotopologue reactions help to clarify the nature of the mechanism that dominates
the O('D) + H; reaction. To probe the dynamics of the isotopologue reactions, important information
can be obtained in two different ways. Firstly, the isotopic branching ratio, which relates the H and D
yields for the two exit channels of the O('D) + HD reaction (R 4.3 (a) and R 4.3 (b)). Secondly, the kinetic
isotope effect (KIE) defined as the ratio of the rate constants of the two isotopic systems R 4.2 and R
4.1 (k(D)/k(H)). We performed both studies and compared our results with other experimental and

theoretical studies®?%343543 reported in the literature.

4.2.1. Results

To apply the pseudo-first-order approximation, the D, and HD concentrations were maintained in a
large and known excess with respect to the O('D) concentration. Although O(3P) is also produced during
the photolysis of O3 at 266 nm, the reactions of O(3P) with hydrogen and its isotopologues are

endothermic,* then they can be neglected at room temperature and below.

421.1. Rate constants

Pseudo-first-order decays of O('D) with and without D,/HD added are presented in Figure 4.3. In the
absence of D,/HD, the O(!D) VUV LIF signal decays to zero through non-reactive quenching collisions
with the carrier gas Ar. The measured pseudo-first-order rate constants as a function of the
concentration of D, and HD are shown in Figure 4.4. The large y-intercept values represent the

guenching contribution of the carrier gas Ar.
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Figure 4.3 O(*D) VUV LIF signals as a function of time. (Left panels) O(*D) + D, reaction at 296 K and 50
K. (Right panels) O(*D) + HD reaction at 296 K and 75 K. (Red open squares) O(*D) decay without D; or
HD added. (Blue open circles) the maximum concentration of D, or HD used during the experiments.
(Solid blue and red lines) functional fits to the data using expression 2.5.
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Figure 4.4 Second-order plots of the O(*D) + D,/HD reactions. (Left panel) the O(*D) + D, reaction. (Right
panel) the O(*D) + HD reaction. The solid lines represent linear least-squares fits to the data, weighted
by the statistical uncertainties of the individual data points derived during the pseudo-first-order fits.

The second-order rate constants obtained as a function of temperature are displayed in Figure 4.5
together with other reported values. In the case of the O(*D) + HD reaction, our experimental values
are shown along with the rate constants determined for the O(*D) + D> (this work) and H, (Hickson and
Suleimanov)’ reactions obtained under similar conditions in the mini CRESU setup of Bordeaux for

comparison.

ko(py+D, /10" cm’s”

DD - i 1 " 1 n 1 n 1 n 1 n 1 00 " 1 L 1 " 1 s 1 n 1 " 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
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Figure 4.5 Measured rate constants as a function of temperature. (Left panel) the O(*D) + D; reaction;
Experimental values: (red solid circles) this work; (green open triangle) Heidner and Husain;*° (blue open
square) Davidson et al.;*® (black solid square) Matsumi et al.;° (black open triangle) Talukdar and
Ravishankara.® Theoretical values: (dashed-dotted black line) QM results of Pradham et al.;3* (dotted
black line) QM results of Sun et al.;*® (solid red line) MPPST result, (dashed red line) SQM result, (red
open circles) RPMD result of Nunez-Reyes et al.;'°. (Right panel): the O(*D) + HD reaction; (blue solid
circles) this work; (black solid diamond) Laurent et al.;** (purple open square) Talukdar and
Ravishankara,® (green solid squares) the O(*D) + D, reaction, this work; (red solid diamonds) the O(*D)
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+ Hz reaction Hickson and Suleimanov.” Error bars represent the combined statistical and systematic
uncertainties.

The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 4.1.

Table 4.1 Temperature dependent rate constants for the O(*D) + D, and O(*D) + HD reactions.

T(K) Nb [D,] (10%4cm3) ko( D)+D, (10%cm?s7) N [HD] (10 cm3) ko( 1D)+HD(1O'1OC’"35'1)

296 42 0-222 (1.1+0.1) 21 0-46 (14+0.1)
127+22 40 0-16.3 (1.0+0.1) 21 0-3.4 (1.2+0.1)
75+2 42 0-81 (1.1+0.1) 20 0-17 (1.240.2)
50£1 40 0-11.1 (1.1+0.1) 27 0-23 (13+0.2)

%Uncertainties in the calculated temperatures represent the statistical (1c) errors obtained from Pitot
tube measurements of the impact pressure. "Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (1) and estimated systematic (10%) errors.

4.2.1.2. Kinetic isotope effect

As the rate constants for the O(*D) + D, and O(*D) + H; reactions have been measured over the same
temperature range and the same type of calculations have been performed for each case, it is possible

to calculate the temperature dependence of the KIE for the O(!D) + Hy/D; systems.
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Figure 4.6 Kinetic Isotope Effect, ko( 1p)+D, /ko( D)4k, 05 @ function of temperature. Experimental

values: (red solid circles) this work; (black solid square) Hsu et al.;*° (black open triangle) Talukdar and
Ravishankara.® Theoretical values: (dashed dotted black line) QM results of Pradhan et al.;3** (dotted
black line) QM WP results of Sun et al.>>/ QM WP results of Lin and Guo;® (solid red line) MPPST method;
(dashed red line) SQM method; (red open circles) RPMD method results of Nufiez-Reyes et al.*
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4.2.1.3. Isotopic branching ratio H/D

In the case of the O(!D) + HD reaction, the absolute H-atom yields as a function of temperature were
found by comparing the H-atom signal of the target reaction with the H-atom signal of O(*D) + H,
reference reaction, which is considered to have a H-atom yield of unity.” Absolute H-atom yields were

converted to an H/D branching ratio using the formula

OD+H  Hatomyield
OH+D 1-—H atom yield

Our results are shown in Figure 4.7 alongside other experimental determinations. As a secondary
check, the H/D branching ratio was also obtained by following D-atom formation at 127 K and by
comparing with the O(!D) + D, reaction as a reference. Each reported branching ratio corresponds to
the mean value of at least 5 individual determinations and the uncertainties were estimated at the

95% of confidence level to the mean.
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Figure 4.7 Isotopic H/D branching ratios for the O(*D) + HD reaction as a function of temperature.
Experimental values: (Solid blue circles) this work detecting H-atoms; (open blue circles) this work
detecting D-atoms; (open red diamond) Tsukiyama et al.;* (open green triangle) Talukdar and
Ravishankara,® (solid black line) Hsu et al.?°

4.2.2. Discussion

4221, The O(*D) + D; reaction

From Figure 4.5 (left panel) it can be seen that our determined rate constant at room temperature is
in excellent agreement with the experimental values reported in the literature,®%3¢ except for the value

of Heidner and Husain.?® These authors used atomic absorption spectroscopy in the VUV to follow the
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O('D) decay obtaining one of the earliest direct measurements of the rate constant for this reaction.
However, their rate constant determined at room temperature of (1.8 + 0.2) x 10 cm? s is almost
twice as large as the more recently reported values including ours. No temperature dependence of the
rate constant is observed as the temperature falls to 50 K within the error bars of the individual
measurements, a result that is in good qualitative agreement with the previous rate constants
determined for O(*D) + H; reaction” under the same conditions and over the same temperature range.

3435 and the approximate theoretical

Our experimental results were compared with QM methods
approaches MPPST, SQM and RPMD.¥ At low temperature, the theoretical calculations slightly
underestimate the experimental rate constants. These discrepancies could be due to inaccuracies in
the PES used, divergence problems, approximations applied during the calculations and non-adiabatic
couplings. In general, a good agreement was found among these calculations and our experimental

results over the temperature range 50 - 296 K, a result that strongly supports the involvement of a

long-lived intermediate complex in the dynamics of the reaction at low temperature.

The KIE for the reactions O('D) + H,/D> has been evaluated experimentally and theoretically in Figure
4.6. Our derived KIE at room temperature agrees very well with the experimental value of Hsu et al.?°
but it is slightly higher than the value reported by Talukdar and Ravishankara®. In general, all the
experimental values over the studied temperature range confirm the dominance of the H, system.
Regarding the derived theoretical KIE, it can be seen from Figure 4.6 that our result agrees well above
100 K with the ratio of the rate constants obtained by Sun et al.* and Lin and Guo?® for the O(*D) + D>
and O('D) + H; reactions respectively. These authors performed accurate QM wavepacket calculations
using the three lowest PESs, the ground 1A’ and excited 1'A” and 2A’ states, where reaction over the
1A’ PES was found to dominate over the other two PESs in the low energy regime. Below 100 K their
theoretical KIE increases dramatically, giving rise to a dominance of the D, reaction while our
experimental KIE remains constant. Sun et al.®® stated that at high energies as the ICSs for both
reactions are similar, the magnitude of the rate constants for both systems will be determined by the
ratio of the reduced masses, however, at low energies the ICSs for the D, system are much larger giving
rise to the dominance of the D, system. An alternative possibility for this difference could be due to
convergence issues in one or both QM WP studies at low collision energies. In contrast, the theoretical
KIE from Pradhan et al.3*** and those obtained by the approximate theoretical approaches MPPST,
SQM and RPMD?? are in excellent agreement with our experimental values over the entire temperature

range.
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4222, The O(*D) + HD reaction

Our rate constant determined at room temperature for the O(!D) + HD reaction is in excellent
agreement with the previous experimental values.®*! Laurent et al.*! used a pump-probe technique
similar to the one used in the present work, but O(*D) atoms were produced through photodissociation
of N,O at 193 nm, and the kinetics of the reaction was followed by VUV LIF of the H/D-atom products.
Talukdar and Ravishankara® employed the photodissociation of Oz at 248 nm to produce O('D) atoms
and the reaction kinetics was also followed by H-atom detection. In our experiments, as the
temperature is lowered to 50 K, no temperature dependence is observed for the rate constants. This
result is in good agreement with the previously determined rate constants for the O(*D) + H, (Hickson

and Suleimanov)’ and O(*D) + D; (this work) reactions.

The dynamical features of the O('D) + HD reaction are considered to be similar to the other
isotopologue reactions with the main difference being the ratio between the two possible exit channels
(OH + D and OD + H).3%* From Figure 4.7 it can be seen that our determined isotopic H/D branching
ratio is greater than unity in all the temperature range studied and agrees well with the previous
experimental determinations at room temperature or equivalent energies.?%* On the theoretical
side, several efforts have been devoted to the study of this reaction reporting isotopic H/D branching
ratios which depend on the PES employed.*’*® In general, the isotopic H/D ratio determinations have

[89:184143 3nd theoretical studies*®*®*° to be greater than one indicating the

been found in experimenta
preferential formation of OD + H products. Then at low temperature where the insertion mechanism
is dominant, it is thought that the hydrogen atom leaves the formed complex with higher probability

than the deuterium atom due to its lighter mass and greater velocity.*

4.3. The O(*D)+ CyHg/CaH: reaction

The reactions of O(*D) with hydrocarbons have been extensively studied given their importance in
atmospheric and combustion chemistry.37°0596551-8 |0 addition, recent studies performed in
astrophysical ice analogues suggest the importance of O(!D) insertion into hydrocarbons as a possible
mechanism for the formation of complex organic molecules in interstellar ices.>* While the O(*D) + CH,4
reaction has been the subject of numerous kinetics and dynamic studies given its importance in the
formation of OH radicals in the chemistry of Earth’s ozone layer,® the reactions with larger saturated

and unsaturated hydrocarbons such as ethane and acetylene are less well understood.

In the case of the O(!D) + C;Hs reaction, there are numerous possible exothermic exit pathways (Figure

4.8).°%%¢ However, only four have been identified experimentally by CMB measurements.>*>>®
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0( 'D) + C,Hs » CH3;CHOH/C,Hs0 + H (a)
- CH,CHOH/CH;CHO + H, (b)
R4.4
- C,Hs + OH (c)
- CH,0H + CH, (d)
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Figure 4.8 Schematic potential energy surface of O(*D) + C:Hs reaction extracted from Sun et al.®®

Several experimental and theoretical dynamics studies®°%467.68 gyggest that the reaction mechanism
is dominated by oxygen insertion into one of the C-H bonds forming a strongly bound ethanol
intermediate complex that falls apart through several reactions pathways. Oxygen insertion into the
C-C bond is thought not to occur as the lowest five singlet potential energy surfaces are all seen to be
repulsive in the entrance region.® In addition, a direct H-atom abstraction mechanism>*°%%¢ has been

proposed for channel R 4.4 (c) leading to OH formation.

In contrast, the kinetics of the O('D) + C;Hs reaction have not been well studied with just a few
determinations of the rate constant at room temperature, with values differing among them by a factor
of 2. Schofield®® recommended a value of 3.2 x 10° cm® s at room temperature from a critical
evaluation of the reported relative rate constants and Matsumi et al.”® measured a rate constant of
(6.3 +0.3) x 10 cm3 st at room temperature. More recently, Dillon et al.>! studied the reaction over

the 220 - 300 K temperature range finding a temperature independent rate constant of (3.4 + 0.7) x
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10 cm? s. Regarding the branching ratio determinations for this reaction, there are several

experimental and theoretical studies reported in the literature with some disagreement among them.

55,56,66,67,70

In the case of O(!D) + C;H; reaction, there are four exothermic exit pathways with two of these channels

R 4.5 (a) and R 4.5 (c) leading to spin-allowed products:

0('D) + C,H, » 'CH, + CO (a)
- 3CH, + CO (b)
R4.5
- HCCO +H (c)
- C,0 + H, (d)

There are very few previous studies in the literature concerning the O(*D) + C;H; reaction. Girard and
Chaquin’® performed a theoretical investigation of the various H,C,0 addition products providing basic
information on the nature and stability of the likely primary products. However, no further simulations
were performed to determine the unimolecular dissociation products, which are expected in the gas-
phase at low pressure. To the best of our knowledge, there are no other theoretical or experimental
studies on the dynamics of this reaction. However, conclusions can be drawn from other related
works’>73 that treat some parts of the potential energy surface involved in this reaction. Furthermore,

studies of the reaction of ground state atomic oxygen with C,H, can also offer a valuable insight.”*7*

The kinetics of O(*D) + C,H, reaction has only been measured once’® and as far as we know, there are
no determinations of the branching ratios for the different exit channels. In this chapter, the rate
constants and the branching ratios for the O(!D) + C,Hs reaction and the rate constants for the O(*D) +
C,H; reaction have been measured over the 50 - 296 K temperature range and our results are compared

with previous experimental studies.

4.3.1. Results

In this case, two types of experiments were performed. Firstly, the second-order rate constants were
determined by following reagent O('D) atoms by VUV LIF. Secondly, the temperature dependent
branching ratios were determined by following H-atom formation. To apply the pseudo-first-order
approximation, the hydrocarbon concentrations were maintained in large and known excess with
respect to the O(D) concentration. Although O(®P) atoms were also present in the flow due to the
photolysis of O3 at 266 nm with a quantum yield of approximately 10%, these atoms are unreactive

with C;Hs and C;H, at room temperature and below.””
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431.1. Rate constants

Pseudo-first-order decays of O(!D) with and without hydrocarbon added are presented in Figure 4.9.
Even with no hydrocarbon added, O(1D) atoms are removed rapidly due to non-reactive collisions with
the carrier gas Ar. Other losses such as deactivation with residual O; in the reactor and diffusional loss

from the probe volume are expected to be negligible in comparison.
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Figure 4.9 O(*D) VUV LIF signals as a function of time. (Left panel) O(*D) + C,Hs reaction at 296 K and
50 K. (Right panel) O(*D) + C;H reaction at 296 K and 75 K. (Red open squares) represent the O(D)
decay without hydrocarbon added. (Blue open circles) represent the maximum concentration of
hydrocarbon used during the experiments. (Solid blue and red lines) represent functional fits to the data
using expression 2.5.

Plots of the measured pseudo-first-order rate constant as a function of hydrocarbon concentration are

shown in Figure 4.10. The y-axis intercept represents the pseudo-first-order loss of O(1D) by collisions

with the carrier gas Ar.
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Figure 4.10 Second-order plots of the O(*D) + hydrocarbon reactions. (Left panel) the O(*D) + C:Hs
reaction. (Right panel) the O(*D) + C:H; reaction. The solid lines represent linear least-squares fits to the
data, weighted by the statistical uncertainties of the individual data points given by the pseudo-first-
order fits.

The second-order rate constants obtained as a function of temperature are displayed in Figure 4.11

alongside other experimental and theoretical determinations.
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Figure 4.11 Measured rate constants as a function of temperature. (Left panel) the O(*D) + C:Hs
reaction; (blue solid circles) this work; (dark red triangle) Matsumi et al.;’® (dark yellow diamond) Dillon
et al.;*Y(red open square) Schofield.®® (Right panel): the O(*D) + C:H; reaction; (red solid triangles) this
work; (green open square) Carl.”® Error bars represent the combined statistical and systematic
uncertainties.

The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 4.2.
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Table 4.2 Temperature dependent rate constants for the O(*D) + C.Hs and O(*D) + C;H; reactions.

T(K) Nb [CoHe] (10%em?)  ko(1p)sc,n, (10%%mPs?) N [CoH,] (10%em?3)  Ko( 1p)ic,n,(107%m?s)

29 42 0-107 (3.540.3) 42 0-1238 (3.540.3)
127420 63 0-78 (2.7+0.3) 42 0-94 (3.240.3)
75+2 41 0-38 (3.1+0.3) 41 0-47 (3.1+0.3)
501 40 0-53 (3.2+0.3) 39 0-1.4 (2.6 +0.4)

9Uncertainties in the calculated temperatures represent the statistical (1c0) errors obtained from Pitot
tube measurements of the impact pressure. °Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (10) and estimated systematic (10%) errors.

4.3.1.2. Branching ratios

The absolute H-atom yields for the O(*D) + C,Hs reaction are reported as a function of temperature in
Table 4.3. Unfortunately, no H-atom yields could be determined for the O(*D) + C;H; reaction due to
the influence of secondary reactions leading to the production of H-atoms. For this reaction, one of
the major products, 1CH,, is known to react rapidly with C;H, to form H-atoms and CsHs as products

with a yield that increases from 0.28 at 195 K to 0.88 at 298 K.787°

Table 4.3 H-atom yields for the O(*D) + C:Hs reaction as a function of temperature.

T(K) Nb  H-atom yield O(1D) + CoHe
296 4 0.18 £ 0.01°¢
127 + 22 6 0.18 +0.02
75+2 4 0.18 +0.03
50+1 4 0.18 +0.01

9Uncertainties in the calculated temperatures represent the statistical (1) errors obtained from Pitot
tube measurements of the impact pressure. "Number of H-atom determinations. Error bars represent
the statistical uncertainties at the 95% confidence level.

As a secondary check of the H-atom branching ratio determinations, additional measurements were
performed at 127 K using the method described in Chapter 3 section 3.1.4. In this case, three pairs of
H-atom formation curves with the same value of k’ for the reference and target reaction were recorded
and fitted using expression (2.9.1). Finally, the branching ratio was obtained from the ratio of the pre-
exponential factors after correction of the signal amplitudes due to absorption losses of the VUV light.
With this method, a H-atom yield of 0.19 + 0.03 was obtained which is in excellent agreement with the

values reported in Table 4.3.
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4.3.2. Discussion

432.1. The O('D) + CyHg reaction

While our measured rate constant for the reaction of O('D) + C,He at room temperature is in good
agreement with the recommended value of Schofield® and the determination of Dillon et al.,*! the

[.7%is 2 times larger (Figure 4.11 left panel). This difference

experimental value reported by Matsumi et a
has been attributed® to possible errors in the determination of the C,H¢ concentration by Matsumi et
al. Furthermore, no temperature dependence is observed in our rate constants as the temperature
falls to 50 K, in agreement with the previous results from Dillon et al.>! in the 220 — 300 K temperature

range.

5256646768 g ogest that O('D) atoms insert into the C-H bonds of C;Hs forming an

Dynamics studies
energized ethanol intermediate complex. Then as the lifetime of this intermediate is expected to be
only a few picoseconds due to rapid unimolecular dissociation,®® complex stabilization will not occur
under our experimental conditions. Regarding the branching ratios for the O(*D) + C,Hs reaction, there
are several previous determinations. On the experimental side, Shu et al.>>°® studied the reaction using
a CMB technique at collision energies of 33.5 kJ/mol. These authors reported relative product
branching ratios of 70, 25, 3 and 2% for channels R 4.4 (d), R4.4 (c), R 4.4 (a) and R 4.4 (b) respectively.
On the theoretical side, Sun et al.®® determined branching ratios at 33.5 kJ/mol using the combined
guantum chemistry calculation and RRKM approach. They found contributions of 60, 8, 4, and 1% for
the channels R 4.4 (d), R 4.4 (c), R 4.4 (a) and R 4.4 (b) respectively and predicted a 27% yield for an
additional exit channel leading to H,O formation, which was not detected in the CMB experiment.
These theoretical branching ratios underestimate the experimental ones, a result that was attributed

to the fact that the abstraction channel was not considered. Gonzalez et al.>

performed an
experimental characterization of the OH state distribution produced by the O(*D) + C;Hs reaction at an
average collision energy of 50 kl/mol. Although these experimental results were not fully conclusive
regarding the influence of the direct abstraction mechanism, their complementary theoretical analysis
using QCT calculations predicted 1-2% of abstraction like reactive trajectories. These authors also
analysed the influence of the collision energy in the dynamics of the reaction, comparing their results
with the results of Park and Wiesenfeld®” performed at 26 kJ/mol, concluding that insertion followed

by unimolecular dissociation should be the most important reaction mechanism at low and

intermediate temperature.>

On the other hand, the experimental study of Park and Wiesenfeld®” predicted an absolute yield of 3%

for the channel leading to OH formation (R 4.4 (c)) at thermal collision energies (300 K equivalent to
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3.7 kl/mol). In addition, Matsumi et al.”® determined a H-atom vyield (R 4.4 (a)) of 10% at room
temperature and stated that the H-atom product is mostly formed from rupture of the O-H bond
(C2HsO + H channel) in contrast with the findings at high collision energies which suggest that H-atom

formation is more likely from the rupture of a C-H bond (CHsCHOH + H channel).>>%®

The H-atom product yields measured in this work (Table 4.3) are independent of temperature from 50
- 296 K. Our results are in reasonable agreement with the value reported by Matsumi et al.”® at room
temperature, but they are somewhat higher than the theoretical and experimental branching ratios of
Shu et al.>>*® and Sun et al.?® This difference could be explained due to a change in the reaction
mechanism where the most thermodynamically favourable channel (CH;CHOH + H) is thought to
dominate at higher collision energies whereas the kinetically favourable channel (CH;CH,0 + H) is likely

to dominate at room temperature and below.

432.2. The O(*D) + C,H; reaction

The rate constants determined for the O(*D) + C;H, reaction present little or no temperature
dependence as the temperature is lowered, with the differences well within the combined error bars.
Furthermore, our determined rate constant at room temperature is in excellent agreement with the
only previous determination of Carl’® performed at 295 K with a reported rate constant of (3.1 + 0.2) x

10 cm3s™.

There is very little information regarding the dynamics of O('D) + C,H, reaction. The theoretical study
of Girard and Chaquin’® predicts several minima in the PES due to the formation of a C=0 bond from
O('D) addition to the C=C bond leading to formylcarbene (HCCHO) and/or oxirene (C2H,0) structures,
and due to the insertion of O(D) into the C-H bond resulting in ethynol (CHCOH). From stability
calculations, these authors predict that at low temperature both formylcarbene and/or oxirene could
be produced with the formylcarbene being more stable by 4.18 kJ/mol, while at room temperature a
further step is expected involving the interconversion of formylcarbene and/or oxirene into ketene
(CH,=C=0). As this study was focused on the generation of a PES for the simulation of the addition
products in matrix type experiments, no further calculations were performed to determine the

unimolecular dissociation products that are expected in the gas-phase.

Further information of the dynamics of O(!D) + C;H, reaction can be derived from theoretical studies
of the O(°P) + C;H, reaction, where intersystem crossing (ISC) to the singlet state could play an
important role. Rajak and Maiti *7> performed non-adiabatic dynamics studies of the O(°P) + C;H>

reaction at three different collision energies (34.3, 39.7, and 54.8 kJ/mol) to investigate their effect on
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the extent of ISC. These authors found branching ratios of 80% for the channel leading to H + HCCO
and 20% for the production of “*CH, + CO for all collisional energies. However, the product yield for
1CH, was found to decrease with an increase of the collision energy due to a lower probability of ISC.
In addition, these authors show the PES for the O(1D) + C,H; reaction predicting an adiabatic pathway
leading to !CH,+ CO.

The PES for the O(D) + C;H, reaction involves the formation of ketene as an intermediate. The
dynamics of ketene photodissociation have been extensively studied theoretically and experimentally.
Xiao et al.”? predict that once the ketene is in its ground state So, which corresponds to the PES involved
in the O(!D) + C;H; reaction, unimolecular dissociation occurs to yield H + HCCO and 'CH, + CO as
adiabatic products and 3CH, + CO as non-adiabatic products through ISC. These authors stated that the
relative branching ratios between the different exit channels will depend on the photon energy. Then
if the energy is much larger than the corresponding dissociation barrier, adiabatic product channels
will be favoured so that H + HCCO and CH, + CO are the major products with 3CH, + CO as minor
products. This hypothesis is corroborated by the experiments of Fockenberg’® who studied the product
distribution of ketene photolysis at 300 K measuring the following products yields !CH,+ CO (66 * 8)%,
H + HCCO (17 % 7)% and 3CH, + CO (6 * 9)%.

Unfortunately, in this work, we were not able to determine H-atom branching ratios to clarify the
reaction mechanism. However, the O('D) + C;H, reagents are 266.9 kJ/mol above the O(°P) + C;H,
reagents. Consequently, the intermediate 1C;H,0 complex is highly energetic and therefore expected
to have a short lifetime reducing considerably the probability of ISC to the triplet surface. Thus, the
spin allowed products R 4.5 (a) and R 4.5 (c) should be the major exit channels. Indeed, our observation
of significant quantities of secondary H-atoms indicates that !CH,+ CO formation represents one of the

major channels of the O(*D) + C,H; reaction.

4.4. The O(*D) + CO; reaction

The reaction of O(*D) with CO, has two exothermically accessible channels, electronic quenching to the

ground state R 4.6 (a) and reaction to form products R 4.6 (b).

o('D)+ o, - 0(3%P)+ o0, (a)
- CO + 0, (b)

R4.6

The quenching of O('D) by carbon dioxide has been extensively studied given its importance in the
atmospheric chemistry of the Earth and Mars. 23637538084 Atomic oxygen in its first excited state is

produced in the Earth’s atmosphere by UV photolysis of ozone (0s) at wavelengths shorter than 320
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nm.® These atoms are deactivated to the ground state (3P) through nonreactive collisions with N, and
0, 3¢, removed by reaction with N,O (producing NO) and with H,0 or CHs4 (producing OH radicals).?’
Thus the production rates of NO and OH in the Earth’s atmosphere depend on the competition
between collisional deactivation and reactive removal. In the Martian atmosphere, O(!D) atoms are
produced by CO, photolysis and removed by reaction with minor constituents or by deactivation to the
ground state mostly through collisions with major atmospheric component CO,. This quenching
process is thought to occur through the formation of a long-lived CO; complex that subsequently

fragments to form O(3P) + C0O,.2%2

On the other hand, chemical reaction to form CO + O; products has been experimentally studied by
Shortridge and Lin® who were not able to observe appreciable CO production concluding that less than
1% of the collisions result in products. More recently Sedlacek et al.®® determined a quantum yield for
this reaction of (2.1 + 0.3) x 10 molecules/photon absorbed monitoring the formation of CO as a
function of the number of laser pulses. These authors conclude that the very low quantum efficiency
suggested a significant potential energy barrier on the reaction coordinate that prevents the vast
majority of collisions from fragmenting into products distinguishable from the reactants. Furthermore,
they determined indirectly a rate constant for the process of (2.4 + 0.5) x 10 ¢cm? s through
comparisons with the rate for the quenching process. The kinetics of the O(!D) + CO, quenching
reaction have been studied experimentally over the temperature range 139 - 673 K.13637.5381-84 The
rate constants at room temperature are in the range of (1.0 - 1.4) x 10°cm?3 s, which indicate that
CO; is an efficient deactivator of O(!D) atoms and suggest that the quenching reaction has no or only
a small activation energy, likely proceeding through a reaction intermediate. On the theoretical side,
Mebel et al.®° have investigated the reaction dynamics using ab initio multireference configuration
interaction calculations. In addition, these authors calculated the rate constants in the 200 - 300 K
temperature range using standard RRKM theory. In this work, the kinetic data for the electronic

quenching of O('D) atoms with CO, is extended down to 50 K.
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4.4.1. Results

To apply the pseudo-first-order approximation, the CO, concentration was maintained in a large and
known excess with respect to the O(!D) concentration. Pseudo-first-order decays of O(*D) with and

without CO;, added are presented in Figure 4.12.
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Figure 4.12 O(*D) VUV LIF signals as a function of time for the O(*D) + CO, reaction. (Left panel) recorded
at 296 K and 75 K. (Right panel) recorded at 127 K and 50 K. (Red open squares) O(*D) decay without
CO; added. (Blue open circles) maximum concentration of CO; used during the experiments. Solid blue
and red lines represent functional fits to the data using expression 2.5.

The measured pseudo-first-order rate constants as a function of [CO;] are shown in Figure 4.13.
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Figure 4.13 Second-order plots for the O(*D) + CO; reaction. (Blue solid triangles) data recorded at 50
K; (black open diamonds) data recorded at 75 K; (red solid squares) data recorded at 296 K; (yellow
open triangles) data recorded at 127 K. The solid lines represent linear least-squares fits to the data,
weighted by the statistical uncertainties of the individual data points obtained from pseudo-first-order
fits.

The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 4.4.

Table 4.4 Temperature dependent rate constants for the O(*D) + CO; reaction.

T N° [CO.](10%cm?)  Ko(1p)sco, (107%m?s?)

296 42 0-15.7 (1.3+0.1)c
127422 42 0-115 (1.4+0.1)
75+2 42 0-5.7 (1.5+0.2)
501 42 0-7.8 (1.6+0.2)

9Uncertainties in the calculated temperatures represent the statistical (1c) errors obtained from Pitot
tube measurements of the impact pressure. °Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (1) and estimated systematic (10%) errors.

The second-order rate constants obtained as a function of temperature are displayed alongside other

experimental and theoretical determinations in Figure 4.14.
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Figure 4.14 Measured rate constants as a function of temperature for the O('D) + CO; reaction.
Experimental values: (solid red circles) this work; (open blue diamonds) Streit et al.;* (open purple
triangles) Blitz et al.;3 (open green squares) Dunlea and Ravishankara;>® (open yellow circle) Amimoto
et al.;®* (solid black square) Davidson et al.;*® (solid green star) Wine and Ravishankara®* and (red cross)
Shi and Barker.® Theoretical studies (dashed green line) Mebel et al.®° using a TS energy of -1.26 ki/mol;
(solid green line) Mebel et al.®° using a TS energy of -2.51 kJ/mol. Error bars represent the combined
statistical and systematic uncertainties.

4.4.2. Discussion

From Figure 4.14 it can be seen that our rate constant for the O('D) + CO, reaction at room temperature
is in excellent agreement with the earlier determinations of the rate constant for this quenching
process.13637.53818384 \When the temperature falls to 50 K, a slight increase in the rate constant is
observed. This result is entirely consistent with the previous determinations of Streit et al.,! Blitz et
al.¥” and Dunlea et al.>® in the combined temperature range 139 - 673 K where similar temperature

dependences have been measured.

Details on the reaction mechanism for the O(!D) + CO; reaction have been provided by the theoretical
work of Mebel et al.® These authors calculated the geometries and energies of the various
intermediates and transition states of the lowest singlet and triplet COs; PESs using ab initio
multireference configuration interaction calculations. They concluded that reaction occurs through the
formation of an 0-CO, complex, which then isomerizes to form a strongly bound cyclic 'COs
intermediate over a barrier located at 1.26 kJ/mol below the reagents as a best estimate. Mebel et al.&°
predict that as the 'COs intermediate is formed with high internal energy, it can decompose into the
initial reactants or undergo singlet-triplet ISC to form 3COs. Indeed, experimental studies on the O(!D)

+ CO; reaction leading to the products (O, + CO) predict a low occurrence for the reactive collisions
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concluding that this exit channel is characterized by a significant barrier.2%8® Consequently, the loss of
1C0Os is dominated by quenching through ISC to the 3CO; PES followed by dissociation to form O(P) +
CO..

Mebel at al.2° derived the total rate constant for the O('D) + CO, reaction as a function of temperature
from the contributions of the various isomerization and dissociation steps on the singlet and triplet
COs PES in addition to ISC rate constants and radiationless transitions between the triplet and singlet
surfaces. These rate constants are shown in Figure 4.14 for two energies of the submerged barrier (-
1.26 kJ/mol and -2.51 kJ/mol) on the singlet COs surface. Using a barrier of -1.26 kJ/mol, the calculated
rate constants are half as large as the experimental ones. However, when a barrier of -2.51 kl/mol is
used, the agreement with the experimental values is significantly improved. With respect to the
temperature dependence, these authors found that the reaction rate was mostly dependent on the
energy dependence of the unimolecular dissociation rate for the cyclic 1COs intermediate because the
O(3P) + CO; products are mostly formed by a radiationless transition from YCOs to 3COs with only a weak
dependence on the initial energy. Then as the collision energy or temperature decreases, a slower
redissociation rate for the cyclic !COs; intermediate leads to an increase of ISC to the triplet surface and

consequently an enhancement of the rate of formation of O(3P) + CO, occurs.

4.5. The O('D) + Kr reaction

The electronic quenching of O(*D) atoms by noble gases is a relatively simple collisional process that
has attracted lots of attention.537:8387.88 \Whereas this quenching reaction has no direct significance for
the chemistry of planetary atmospheres, the study of this process is of considerable fundamental
interest as well as being important in the evaluation of the laboratory investigations as noble gases are

used as carrier gases in many experiments leading to excited atom loss by electronic quenching.

In general, it is well established that the deactivation rates of O(*D) by noble gases decrease markedly
for the lighter ones (He < Ne < Ar < Kr < Xe ). While He and Ne have very low efficiencies in the
deactivation of O('D),*” Xe is a very efficient deactivator showing a small positive temperature
dependence in the 110 — 300 K temperature range.® In addition, the rate constants for the O(!D) + Ar
guenching reaction have been determined in the temperature range 50 - 673 K showing a weak
temperature dependence.®?” In the case of O(!D) + Kr, the quenching rate has been studied
experimentally in the 113 - 673 K temperature range with a very small positive temperature
dependence according to the results of Blitz et al.3” In this work, the kinetic data for the O(!D) + Kr

guenching reaction are extended down to 50 K and our results are compared with a quantum close-
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coupling treatment of the quenching transition from the D state to the 3P; fine-structure levels in

collisions with Kr.%

4.5.1. Results

To apply the pseudo-first-order approximation, the Kr concentration was maintained in a large and
known excess with respect to the O(!D) concentration. To study this reaction, it was necessary to add
large quantities of Kr to the flow, so that the carrier gas Ar concentration was reduced to maintain a
constant flow density. Consequently, the pseudo-first-order rate constants were corrected to account
for the slower relaxation by Ar in the system (for details see section 4.1.3). Pseudo-first-order decays

of O('D) with and without Kr added are presented in Figure 4.15

time / microseconds

22 l T T T T 20 T o T T T T T T T

201 % 206 K1 1sp & 127 K -

1.8 E L . i

o without Kr 1 16 o without Kr ]

! o [K]=307x10%em®] 14f o [Kf=14.8x 10" cm™-

"é E 1.2 _-
3 3

£ S8 90k o 4
© ©

> > 08 i
2 2

o 8 06 F .
[ C

= =04 4

0.2 i

00 @ 1 1 1 1 1 ]

0 10 20 30 40 50 60

time / microseconds time / microseconds
1.8 T T T T T T T 1.8 T T T T T T T T T T T

16 75K {1 e % 50 K 1

14 o without Kr 1 s} o owihoutkr

I o [Krj=122x10" cm™ o [Kr]=16.6x10" cm™;

a 12 1w i
= | =

3 3 .
2 £

© © i
2 z

.F) _ F) —
C s
] ]

= 4 E g

] 1 1 1 1 I 1 1 ]

time / microseconds

Figure 4.15 O(*D) VUV LIF signals as a function of time for the O(*D) + Kr quenching reaction. (Left panel)
recorded at 296 K and 75 K. (Right panel) recorded at 127 K and 50 K. (Red open squares) O(D) decay
without Kr added. (Blue open circles) the maximum concentration of Kr used during the experiments.
Solid blue and red lines represent functional fits to the data using expression 2.5.
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The measured pseudo-first-order rate constants (corrected for the lower flow of Ar as described in
section 4.1.3) as a function of the Kr concentration are shown in Figure 4.16. The second-order rate
constants obtained as a function of temperature are displayed in Figure 4.17 in conjunction with other

experimental and theoretical determinations.
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Figure 4.16 Second-order plots for the O(*D) + Kr reaction. (Green solid triangles) data recorded at 50
K; (black solid circles) data recorded at 296 K; (blue open diamonds) data recorded at 75 K; (red open
squares) data recorded at 127 K. The solid lines represent linear least-squares fits to the data, weighted
by the statistical uncertainties of the individual data points obtained during pseudo-first-order fits.
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Figure 4.17 Measured rate constants as a function of temperature for the O(*D) + Kr quenching reaction.
Experimental values: (solid red circles) this work; (open purple squares) Davidson et al.;® (open yellow
diamonds) Blitz et al.;¥” (open green triangle) Shi and Barker.®® Theoretical values: (solid black line)
quantum close-coupling result of Nufiez-Reyes et al.®®
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The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 4.5

Table 4.5 Temperature dependent rate constants for the O(*D) + Kr quenching reaction.

T(K) Nb  [K7](10%5cm?3) ko(1p)+xr (1072cm?s7)
296 42 0-30.7 (7.8 +0.8)
127422 40 0-14.8 (7.3+0.8)
75+2 36 0-12.2 (6.1+0.7)
501 39 0-16.6 (6.8+0.7)

%Uncertainties in the calculated temperatures represent the statistical (1c) errors obtained from Pitot
tube measurements of the impact pressure. °Number of individual measurements. “‘Uncertainties in the
measured rate constants represent the combined statistical (1c) and estimated systematic (10%) errors.

4.5.2. Discussion

As can be seen from Figure 4.17, our experimental rate constants are in excellent agreement with the
previous experimental determinations of Davidson et al.28 in the 113 - 296 K temperature range and
with the result of Blitz et al.” at room temperature. But these latter authors,?” using a chemical tracer
method to follow the kinetics of the quenching process, reported a rate constant at 195 K that is
approximately 40% larger than our values. Furthermore, their rate constants over the 195 - 673 K
temperature range display a small positive temperature dependence. Lastly, the value reported at
room temperature by Shi and Barker® using the relative rate method is lower than the rest of the data
sets and lies outside of the combined error bars. The differences observed in the rate constants of Blitz
et al.3” and Shi and Barker® with respect to the other data including ours might be due to the influence
of secondary processes affecting the system during the indirect determination of the quenching rate
for O('D) + Kr. Moreover, Shi and Barker® used a value for their O(!D) + O, reference reaction larger
than the currently recommended one which led to an underestimation of the absolute rate constant
for O('D) + Kr. The sets of experimental values were compared with the theoretical result obtained
from a quantum close-coupling treatment of the quenching transition from the D state to the 3P; fine-
structure levels, where a modest quantitative agreement was reached but the temperature

dependence of the rate constants was well described.®

Regarding the experimental temperature dependence for the quenching process, we observe only a
small variation of the rate constant in the 50 - 296 K temperature range with the values well within the
error bars of the experiments. Then the rate constants for this quenching process are effectively

temperature independent in the 50 - 296 K temperature range.
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4.6. Astrochemical implications

While the reactions of oxygen atoms in their ground electronic state (3P) have been extensively studied
due to their importance in the chemistry of planetary atmospheres® and the interstellar medium,*?
the reactions of oxygen atoms in their first excited electronic state (D) have received less attention
over the years with most of the measurements performed at room temperature. In this chapter,
reactive and non-reactive processes involving O(!D) atoms have been studied to shed some light on
the kinetics of these reactions at low temperature. The available kinetic data for all processes have
been extended down to 50 K providing new experimental data for the improvement of astrochemical
models. New data for the benchmark insertion reaction (O(!D) + hydrogen isotopologues) have been
obtained, opening a new chapter to further theoretical investigation of these reactions. Temperature
dependent branching ratios for the formation of H-atoms have been provided for the reaction of O(!D)
+ C;He with the aim to clarify the reaction mechanism and the nature of the products. The measured
rate constants for the O('D) + CO; are seen to increase with decreasing temperature, which suggests
that this quenching process is likely to be efficient in Mars’s atmosphere. In all the cases, a careful
analysis of the reaction mechanisms has been performed to characterize the most probable outcomes

of these processes at low temperatures.
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CHAPTER 5

5. A viable source of N(?D) atoms for kinetic studies at low
temperature

There are several studies of the kinetics of N(?D) atom reactions at room temperature given to its role
in the production of NO in the Earth’s atmosphere. However, there is a lack of kinetic information at
temperatures of astrochemical interest given the difficulty to find a clean source for producing N(?D)
atoms. In this chapter, N(?D) atoms were produced by a combination of PLP and chemical reaction
opening up a new pathway to study the kinetics of metastable N(?D) atom reactions at low

temperature.

5.1. Introduction

The reactions of electronically excited nitrogen atoms play important roles in plasmas, in Earth’s
atmospheric chemistry and in astrochemistry.? N(2D) is produced in the terrestrial upper atmosphere
by a variety of photochemical and ionospheric process.? The reaction of N(?D) with O; is considered to
be the major source of NO and O(*D) atoms in Earth’s lower thermosphere.? N; is the main constituent
of Titan’s atmosphere* and the second most abundant species in the Martian atmosphere,®
consequently, the reactions of N-atoms are expected to be important processes in the photochemistry

of these planets.

As N, is characterized by a strong triple bond with an associated dissociation energy of 941.7 kJ/mol
neutral-neutral chemical reactions involving N-N cleavage are rare.® Then the main source of atomic
nitrogen in Earth and Titan’s atmospheres is N; dissociation induced by vacuum ultraviolet photolysis,
electron impact, dissociative photoionization and N;* dissociative recombination.” The
photodissociation of N, molecules produces N(*S), N(D) and N(?P) with a 50% yield of the ground state
atoms and a 50% yield of N(*D) + N(*P).*

In the Martian atmosphere, N(*S) atoms are lost mainly through reaction with NO to produce N, and
atomic oxygen while the N(?P) atoms are lost by quenching to produce N(?D). The major losses of the
metastable N(’D) atoms are reaction with CO, to form NO + CO’ and quenching to the ground state by

collisions with atomic oxygen.?

In Titan’s atmosphere the excited states (N(?D) and N(?P)) have lifetimes much longer than the time
between collisions (~1 s at 1000 km).* Furthermore, while the excited metastable atoms are reactive
with stable molecules such as saturated and unsaturated hydrocarbons, the ground state N(*S) is

mostly unreactive, with the main loss channels being reactions with hydrocarbon radicals such as CHs,
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CHy, C2Hs and CHs. The N(?P) state is much less reactive with stable molecules than the N(?D) state
displaying rate constants lower by several orders of magnitude.* In addition, N(2P) collisions with some
of the major constituents N,, H, and hydrocarbons result in quenching to produce the N(2D) state.®
Then taking into account the N(’D) atom radiative lifetime (13.6 and 36.7 hours for the two substates
D3/, and 2Ds; respectively) and its slow collisional deactivation with N, (1.7 x 10 cm?® s at room
temperature®) the main fate of these metastable atoms is chemical reaction with other constituents
of Titan’s atmosphere. Actually, the reactions of N(?D) with various saturated and unsaturated
hydrocarbons are considered to be among the major production sources of N-bearing molecules in

Titan’s atmosphere.9°

The abundance and distribution of nitrogen atoms in astrochemical environments are predicted by
photochemical models. Recently, Loison and coworkers® have made a careful investigation of the
neutral nitrogen photochemistry in Titan’s atmosphere to improve the current chemical schemes used
in photochemical models. For this investigation, they included the most abundant species and the most
efficient reactions. In their 1D photochemical model, they studied the propagation of uncertainties on
the rate constants and determined the key reactions from a global sensitivity analysis. These authors
promote the necessity of experimental or theoretical studies to provide a better estimation of the

reaction rates and the branching ratios for several reactions like R 5.1, R 5.2, R 5.3 among others.

N( 2D) + CH, - products R5.1
N( 2D) + C,Hg — products R5.2
N(?D) + C,H, — products R5.3

On the experimental side, while studies of the N(2D) atoms kinetics at room temperature are quite

11-16

abundant due to its atmospheric importance, studies where the metastable N(’D) atoms are

obtained photolytically are scarce due to :

v Convenient photolytic sources of N(?D) are very rare.

v" A high energy radiation source is necessary to cleave the multiple bonds in which nitrogen
atoms are bound to other atoms.

v' The production of electronically excited nitrogen atoms without other interfering states or

species present a great difficulty.
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On the detection side

v The high reactivity of the resulting nitrogen atoms produced in low concentrations makes its
detection difficult.
v' The radiative transition from the 2D state to the ground S state is too weak to be detected in

the visible region.

In 1969, Black et al.'* produced N(?D) and N(2P) from the VUV-photolysis of N,O at 147 nm using pulsed
Ar and Xe resonance lamps. These authors followed the reaction kinetics of N(?D) with several
molecules at room temperature, measuring the attenuation of NO chemiluminescence emission (B%I1-
> XT1) produced by the reaction between N(?D) + N,O as a chemical tracer. In the 1970s, Husain et
al.’>* studied the collisional quenching of N(2D) with several molecules at room temperature,
producing the N(?D) and N(?P) by flash photolysis of N,O at wavelengths greater than 105 nm and
detecting them by time-resolved atomic absorption spectroscopy in the vacuum ultraviolet. More
recently, in 1998, Umemoto et al.'® studied N(*D) deactivation with hydride and deuteride molecules
at room temperature. These authors produced N(2D) by multiphoton dissociation of NO by focusing a

tuneable laser at 275.3 nm into their reactor and detected them by VUV fluorescence at 149 nm.

In general, the chemistry of nitrogen species is very rich in planetary atmospheres although it is only
poorly understood at the present time because very few data are available under physical conditions
relevant to planetary atmospheres. To solve this issue, in this chapter, we report a new source of N(?D)
atom production that will allow the experimental study of several key reactions to improve the
photochemical models and their prediction of the abundance and distribution of molecules in low
temperature environments. In addition, the kinetics of the N(*D) + NO, CH4, C;Hs and C3Hs reactions
have been studied for the first time over the 50 - 296 K, temperature range setting the basis for the

future study of other key N(?D) atom reactions.

5.2. Experimental details

5.2.1. Temperature range

In this chapter, the kinetics of the N(?D) atoms reactions with several molecules in the gas-phase have
been studied in the mini-CRESU setup of Bordeaux. Three Laval nozzles (Mach2 N, Mach3 Ar and
Mach4 Ar) have been used to study the reactions in the temperature range 50 - 177 K. The
characteristics of the supersonic flows produced by each of these Laval nozzles are listed in Table 2.2.
In this study, it was possible to use both Ar and N; as a carrier gases given the slow rate constants for

the quenching reactions N(2D) + N2and N(2D) + Ar.?2 Experiments at room temperature were performed
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by removing the Laval nozzle and lowering the velocity of the flow, using the CRESU chamber as a slow

flow reactor.

5.2.2. Production and detection of N(?D) atoms

During this thesis, the experiments involving C(*D), C(3P) and O('D) have been performed by producing
the minor reagent in situ via photolysis of a suitable precursor. However, in the case of N(D) atoms
there are no known suitable precursor molecules that can be photolysed in the UV wavelength range,
except through multiphoton processes such as photodissociation of NO at 275.3 nm.® Unfortunately,
we cannot use this multiphoton dissociation as a production method due to the necessity to produce

a uniform density of radicals along the length of the supersonic flow.

Instead, N(2D) atoms were generated through the reaction of ground state atomic carbon with NO

molecules:

c(3P)+ N0 - N(?D, *s)+coO (a)
R5.4
- 0(3P)+CN (b)

The dynamics and kinetics of reaction R 5.4 have been extensively studied experimentally and
theoretically. The Birmingham continuous CRESU apparatus operated by Sims and coworkers!” was
used to determine the rate constant for this reaction over the temperature range 15 - 295 K. These
authors found rate constants that increase as the temperature is lowered from (1.2 £ 0.1) x 10*° cm?
stat 295K to (2.3 +0.2) x 10° cm?® s at 15 K. The ratio for the two exit channels [N(?D)+ N(*S)]/[O(3P]
was estimated to be 1.5 * 0.3 at room temperature using a low pressure fast flow reactor.’® The
theoretical work of Andersson et al.’® using quasiclassical trajectory calculations in the temperature
range 5 - 5000 K predicts that the importance of channel R 5.4 (a) should decrease as the temperature

falls.

Ground state atomic carbon, C(3P), was generated by the 10 Hz pulsed sequential multiphoton
dissociation of CBr, precursor at 266 nm with pulse energies around 24 mlJ. The photolysis laser was
aligned along the axis of the flow to produce a column of C(3P) atoms with uniform density. CBr, was
introduced in the flow by flowing a small fraction of the carrier gas over solid CBr, contained in a flask
at 296 K. The concentration of CBr, was calculated using expressions 2.28 and 2.35 yielding
concentrations in the supersonic flow lower than 3.2 x 10*® cm™ for all the temperatures studied. The
photolysis of CBrs produces C(3P) and C(1D) as well as other fragments: CBrs, CBr,, CBr, Br,, Br, etc.?%%
Previous studies?? under similar conditions in our laboratory have determined that C(3P) is the major

product between the two electronic states of atomic carbon. Although the production of C(!D) is non
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negligible, the rate constants for the reaction of C(!D) + NO are smaller than those of the equivalent
ground state carbon reaction?® and the products are likely to be similar to those of the C(3P) + NO
reaction with the added possibility of O(!D) formation as a spin-allowed product. The secondary
reactions of the fragments CBrs, CBr,, CBr, Br, and Br are unlikely to produce N(2D) atoms, consequently
they are not thought to interfere with the measurements as N(?D) atoms were detected directly as

described below.

The kinetics of N(2D) atoms reactions was followed by on-resonance VUV LIF through the 2s?2p32D"-
2522p?(3P) 3d %F transition at 116.745 nm. To obtain tuneable light at this wavelength, the 700.5 nm
output of a pulsed tuneable dye laser was first injected into a BBO crystal to generate the second
harmonic at a wavelength around 350.24 nm with a pulse energy of approximately 8 mJ. Subsequently,
the UV beam was separated from the fundamental radiation and focused into a cell containing 40 torr
of xenon and 560 torr of Ar, the latter added for phase matching, generating VUV light through
frequency tripling. As the VUV emission from the excited N(?D) atoms is small compared with our
previous studies of O(*D), C(3P) and H(?S) atoms, the PMT output was fed into a fast preamplifier, which

was connected to a boxcar module for signal processing and integration.

5.2.3. Influence of secondary reactions

The presence of several atoms or molecules in the reactor such as the photolysis products or the
secondary products of reaction R 5.4 made it necessary to perform an analysis of potential secondary
reactions that might affect the kinetics determination. As N(?D) atoms are followed directly during
these experiments, we need to specifically consider secondary processes which could form or remove
N(2D) atoms. For example, O('D) atoms and CN radicals are potentially formed from the C(!D) + NO
reaction (with C(!D) produced during the photolysis of CBr,;) and these products could potentially
interfere with our kinetic determinations. However, the reaction of O(!D) + NO has only one
exothermically available channel (N(*S) + O,) which is only accessible by non-adiabatic transitions.?*
Furthermore, the reaction of CN radicals with NO has been studied in the temperature range 294 - 761
K showing results consistent with an association reaction while removing the possibility of the non-
associative exit channel yielding CO + N, products.? In addition, O(*P) is a product from R 5.4, while its
association reaction with NO is expected to be slow.? Then neither of the above mentioned secondary

processes should influence the N(D) measurements.

5.2.4. Experimental details of the N(’D) + alkanes reactions

The production of N(?D) atoms is a coupled process including the reaction of C(3P) atoms with NO to

produce N(2D) (R 5.4) and the subsequent depletion of N(2D) through its reaction with NO. However, it
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is possible to use this production method to study the reactions of N(?D) with molecules of
astrochemical interest, particularly when these molecules do not react with C(3P) which is our source
of N(?D) atoms. In this case, the yield of N(?D) atoms will remain relatively unaffected by the addition
of these molecules to the supersonic flow. Then if the NO concentration is maintained at a constant
and small value, it is possible to extract pseudo-first-order rate constants for the specific molecule

reaction by varying its excess concentration.

Here the pseudo-first-order rate constant can be expressed as
k' = ky(2p)eno[NOT + ky( 2py x [XT + Ky 2py) (5.1)

where kN( 2D)4NO [NO] represents the pseudo-first-order loss rate of N(?D) through reaction with NO,
kN(zD)+X[X] is the pseudo-first-order loss rate of N(*D) through reaction with the molecule of
astrochemical interest (CH4, CoHs and CsHs in this instance) and kL(N( 2p)) represents the first-order

losses of N(?D) (mostly by diffusion from the probe volume).

Then from a plot of k'(obtained at different concentrations of the alkane and at a fixed NO
concentration) against the concentration of the alkane, the second-order rate constants for the N(*D)
+ alkane process can be obtained from the slope as explained in Chapter 2. The intercept of this plot

corresponds to the term kzv( 2D)+NoO [NO] assuming that the diffusional losses are small in comparison.

5.2.5. Gases

The gases were flowed directly from cylinders with no further purification prior use. The suppliers and

purities are:

V' Linde Ar (99.999%), Xe (99.999%), CH4 (99.9995%), C2Hs (99.5%), CsHs (99.5%)
V' Air Liquide N3 (99.999%), NO (99.9%)

5.3. The N(?D) + NO reaction

One of the reactions that has attracted significant experimental and theoretical attention in the past

given its importance for atmospheric chemistry is the reaction between N(?D) and NO.

N(2?D)+ NO - N, + 0(3P) (a)
- N, +0('D) (b) R5.5
- N, +0(S) (c)
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On the experimental side, there are several previous kinetics measurements!!~*® at room temperature
with the rate constants in the range (0.4 - 1.8) x 10° cm?® s’ and a recommended value of 6.0 x 10!

3 511 As far as we know, there are no previous studies of this reaction at lower temperatures.

cm
Regarding the equivalent reactions for other electronic states: the N(2P) + NO reaction has a
recommended rate constant value! at room temperature of 2.9 x 10! cm? s and no exothermic
adiabatic pathways to products.?* Thus physical quenching leading to N(?D) is likely to be the only
important process at low temperatures. The reaction of ground state N(*S) atoms with NO has already
been studied in the mini-CRESU setup of Bordeaux displaying a small negative temperature

dependence with a rate constant decreasing from (5.8 +0.3) x 10* cm®s?at 48 Kto (3.3 £0.2) x 101!

cm3stat 211 K.

On the theoretical side, Gonzalez et al.?® performed ab initio CASSCF/CASPT2 electronic structure
calculations of the ground A’ potential energy surface coupled with quasiclassical trajectory (QCT)
calculations to obtain the rate constants for the exit channel R 5.5 (b) in the temperature range 300 -
1500 K. These authors found rate constants that decrease as the temperature is lowered down to 300
K. More recently, Li et al.?° have performed quasiclassical trajectory calculations using a double many-
body expansion potential energy surface for ground state N,O (*A’) with an accurate description of the
long-range interactions to determine the rate constants for the channel R 5.5 (b) over the temperature
range 5 - 3000 K. However, they determined rate constants that decrease slightly with temperature, in

contrast with the previous work by Gonzalez et al.?®

5.3.1. Results

To apply the pseudo-first-order approximation, NO was maintained in excess with respect to C(*P)
atoms. Under these conditions, N(?D) atoms are formed by R 5.4 (a) and consumed by R 5.5. Then the
N(2D) VUV LIF signal should take the form of a biexponential function according to expression ( 2.9 ).
However, the N(2D) VUV LIF signal levels were small compared with our previous studies of C(3P), H(?S)
and O(!D) reaction kinetics. As a result, it was necessary to amplify the PMT output signal using a fast
preamplifier as stated previously. Although the PMT should have been insensitive to radiation in the
UV range, with an expected cutoff around 200 nm, scattered light and/or window fluorescence
generated by the photolysis laser lead to a saturation of the PMT for the first 15 microseconds after
the photolysis laser pulse. Consequently, the N(2D) signal could not be recorded near zero making it
impossible to record the rising part of the biexponential curve (pseudo-first-order decays for the
highest and the lowest concentration of NO at 50 K and 296 K are presented in Figure 5.1). In this case,
to obtain the pseudo-first-order rate constants, the curves were fitted according to a single exponential

(expression 2.5). To perform the fits, the starting point was chosen carefully to avoid fitting to the rising
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part of the temporal profiles. In practice, this was achieved by displaying the signals on a logarithmic

scale and by carefully selecting only the linear part of the decay curves as shown in the bottom panels

of Figure 5.1.
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Figure 5.1 N(?D) VUV LIF signal as a function of time. Left panel recorded at 296 K (red open squares)
[NO] = 1.1 x 10 cm?3, (blue open circles) [NO] = 1.3 x 10% cm?. Right panel recorded at 50 K, (red open
squares) [NO] = 1.1 x 10 cm, (blue open circles) [NO] = 1.0 x 10% cm™. Bottom panels are the
logarithmic representation of the N(D) VUV LIF signals as a function of time. Solid red and blue lines
represent exponential fits to the data using expression 2.5.

Pseudo-first-order decays were recorded for several NO concentrations and the second-order rate

constants were extracted from the slopes through a weighted linear least-squares fit of the datapoints

as shown in Figure 5.2 for 50 K, 75 K and 296 K.
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(black solid circles) data recorded at 75 K, (blue open squares) data recorded at 296 K. The solid lines
represent linear least-squares fits to the data, weighted by the statistical uncertainties of the individual
data points obtained through pseudo-first-order fits.

The second order rate constants obtained as a function of temperature are displayed in Figure 5.3

together with other experimental and theoretical determinations.
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Figure 5.3 Rate constants for the N(D) + NO reaction as a function of temperature. Experimental studies
(solid red triangles) this work; (solid dark yellow diamond) Umemoto et al.;*® (open green circle) Lin and
Kaufman;? (solid black square) Husain et al.;** (open orange triangle) Husain et al.;** ( solid dark blue
triangle) Sugawara et al.;*® (solid magenta circle) Black et al.** Theoretical studies (solid dark red circle)
Gonzalez et al.;*® (solid blue squares) Li et al.?® Error bars in the present result represent the combined
statistical (1) and systematic uncertainties (10%).
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The second-order rate constants, the concentration ranges and the number of experiments performed

in each case are summarized in Table 5.1.

Table 5.1 Temperature dependent rate constants for the N(’D) + NO reaction.

T(K) N®  [NOJ(10*cem?)  Ky(2p)sno(10™em’s™)
296 29 1.1-127 (7.3+0.7)°

177+2® 36 0.7-8.1 (8.0+0.8)

127+£2 28 0.8-9.2 (7.8+0.8)

752 43 08-7.6 (8.8+0.9)

501 35 1.1-104 (13.0+1.4)

%Uncertainties in the calculated temperatures represent the statistical (10) errors obtained from Pitot
tube measurements of the impact pressure. "Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (1) and estimated systematic (10%) errors.

5.3.2. Discussion

The N(?D) + NO reaction has been extensively studied at room temperature with a recommended value
of 6.0 x 10! cm® s1.! As can be seen from Figure 5.3 our experimental determination at room
temperature is in good agreement with all but two of the previous determinations of the rate
constants. The measurements of Black et al.?! (1.8 x 10° cm?® s) and Sugawara et al.?® (3.5 x 10 cm?
s1) are considerably higher and lower than the rest of the determinations at room temperature. The
good agreement between our data and the other measurements validates our new production method

for N(?D) atoms.

Regarding the theoretical investigations, it can be seen from (Figure 5.3) that the rate constants in the
study of Gonzalez et al.?® and Li et al.?° are lower compared with the experimental values. As was stated
before, these two calculations were performed for only one exit channel of the reaction R 5.5 (b).
Gonzalez et al.?® performed a QCT study on the ground singlet 1 A’ potential energy of N,O. These
authors distinguished three different reactive mechanisms. The first one involved an attack of the N(D)
atom on the nitrogen end of the NO molecule with the system evolving through an NNO well yielding
products without another intermediate structure. The second one involved N(?D) atom attack on the
oxygen end of the NO molecule with the system evolving through several minima and transition states
to products. The first and second mechanism share a common transition state in their pathways, the
interchange between these two mechanisms through that transition state represents the third

mechanism. They obtained a rate constant for channel R 5.5 (b) of (2.6 + 0.4) x 102 cm3 s, which is
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more than an order of magnitude lower than the lowest experimental value for the total rate constant
at room temperature. However, as there are in fact five potential energy surfaces which adiabatically
correlate with O(!D) + N2 products, they tried to take into account the reactivity due to the other four
excited PESs connecting with products. Gonzalez et al.?® concluded that the 2 A’ and the 1 A” surfaces
might also contribute to the reactivity estimating a total rate constant of 7.9 x 102 cm3 s'* at room
temperature. As the latter value is still lower compared to the experimental result, these authors
suggest that the inclusion of the other exit channels R 5.5 (a) and R 5.5 (c) could lead to a better
agreement between the theoretical and experimental rate constants. On the other hand, the more
recent calculations of Li et al.?° are in better agreement with the experimental values. These authors
used a ground state 1 A’ potential energy surface calculated with a higher level of theory along with a
proper description of the long-range forces,*® which are critical for a quantitative description of the
N(D) + NO reaction as the N,O intermediate formation follows a capture type mechanism. These
authors? obtained a rate constant of (2.0 £ 0.2) x 10! cm? s"*at room temperature which is one third
of the recommended experimental value and four times smaller compared to our value, a discrepancy

that almost certainly indicates the role of other exit channels leading to R 5.5 (a), R 5.5 (b) and R 5.5
(c).

When the temperature is lowered to values of astrochemical interest, our measured rate constants
display a slight negative temperature dependence down to 75 K and a more pronounced increase at
even lower temperatures (Figure 5.3). This large measured increase in reactivity below 75 K could be
indicative of the increasing contribution of another reaction mechanism at low temperature. Indeed
Gonzalez et al.?® explain the possible existence of a crossing seam between the lowest singlet and
triplet adiabatic potential energy surface. This crossing might become more important as the

temperature falls and the intermediate N,O lifetime increases.

5.4. The N(?D) + alkanes (CnH2n+2) reactions

The reactions of N(*D) atoms with alkanes lead to the formation of N-bearing organic molecules which
might represent the basis for the formation of larger prebiotic molecules in planetary atmospheres.3!
In Titan’s atmosphere, as the deactivation of N(2D) atoms in collision with N, is a slow process, the
reaction between N(?D) and CH4 (the second most abundant constituent) has been recognized as an
important process and has caught the attention of both theoreticians and experimentalists. The
kinetics of this reaction has been studied at room temperature!®13233 with a3 recommended valuel*
of 4.0 x 102cm3 s, In addition, Takayanagi et al.® studied the temperature dependence of the N(?D)
+ CH,4 reaction over the 223 — 292 K temperature range reporting rate constants according to the

Arrhenius expression k = 7.1 x 10" x exp(-750/T) cm? sL. Concerning the dynamics of the N(2D) + CH,
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reaction, there are some discrepancies between theoreticians and experimentalists. Kurosaki et al.3*
performed a study of the reaction mechanism and primary products for this reaction using ab initio

calculations. These authors identified the following exothermic channels

N(?D)+ CH, - NH + CHs (a)
- CH,NH+ H (b)
- CH;N+H (c) R5.1
- CHNH, + H (d)
— NH, + CH, (e)

In addition, Kurosaki et al.>* performed IRC calculations to elucidate the reaction mechanism showing
that N(?D) inserts into one of the C-H bonds of CH, through a small barrier (~4.2 kJ/mol) forming a
CH3NH intermediate which later dissociates to products. Umemoto et al.3>% jdentified NH from
channel (a) and H from channels (b) and (c) as primary reaction products with absolute yields of 0.3 =
0.1 and 0.8 £ 0.2 respectively. These authors state that the NH product is formed by an insertion
mechanism rather than abstraction and suggested that the CH3;N + H channel was minor in comparison
with the CH,NH + H channel at room temperature. In contrast, Balucani et al.3’ combined CMB
experiments at five different collision energies (22.2 — 65.1 kJ/mol) and ab initio structure calculations
to shed light on the various forms of CHsN isomers formed (channels b, ¢ and d). However, these
authors found that the insertion mechanism was barrierless in contrast with the previous studies and
reported the CHsN and CH,NH isomers as primary products with production yields that vary
significantly with the total available energy. More recently, Ouk et al.3®3° performed accurate ab initio
calculations confirming the presence of a small barrier (~3.86 kJ/mol) in the entrance channel of the

N(?D) + CH, reaction.

Ethane is the second most abundant hydrocarbon in Titan’s atmosphere and although it is present in
trace amounts, photochemical models®!° highlight the need for low temperature rate constants for
the N(2D) + C,Hs reaction to improve the accuracy of current models. While there are two experimental

kinetics determinations®32

of this reaction at room temperature with a recommended rate constant
value* of 1.9 x 10 cm3 s, to the best of our knowledge there are no determinations at low
temperature. Regarding the dynamics of this reaction, Balucani et al.*® have performed both a CMB
study at two collision energies (18.0 and 31.4 kJ/mol) and ab-initio electronic structure calculations.
These authors identified 22 exothermic exit channels from their theoretical calculations showing the

complexity of the N(?D) + C,Hs reaction. This complexity arises from the versatility of carbon and

nitrogen in forming bonds and the numbers of atoms involved.
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The kinetics of the next larger alkane CsHs in reaction with N(?D) atoms has also been investigated at

1632 with a recommended value'* of 2.9 x 10** cm? s™. As far as we know there are

room temperature
no dynamics studies for this reaction, thus conclusions on the preferred exit channels can only be

extracted by analogy with the two previous N(2D) + alkanes reactions.

Currently, atmospheric models of Titan’s atmosphere**? consider temperature independent rate
constants (equal to the recommended values at room temperature) for the reactions of N(?D) atoms
with C;Hes and CsHg due to the lack of data at low temperatures. To solve this issue, in this chapter we
determine the temperature dependence of the rate constants for the N(?D) + CH4, C;He and CsHg

reactions over a wide temperature range providing the necessary information for these reactions.

5.4.1. Results

To study the kinetics of N(?D) atoms in reaction with C,Hans+2, [ChH2n+2] and [NO] were maintained in a
large and known excess with respect to the concentration of N(?D) and C(3P) atoms. NO was added to
the flow in a fixed excess quantity to produce N(?D) atoms as explained in section 5.2.2. Under these
conditions, the pseudo-first-order curves (Figure 5.4) are described by a coupled process in which N(*D)
atoms are formed through R 5.4 and consumed by reaction with the alkanes and with NO. As explained
in section 5.3.1, scattered light from the photolysis laser leads to a saturation of the signal for the first
15 ps and consequently the rise of the curve corresponding to N(?D) formation could not be recorded
close to zero. Finally, to obtain the pseudo-first-order rate constants, the N(?D) signal was fitted with
a single exponential function (expression 2.5) as described for the study of the N(?D) + NO reaction.
The pseudo-first-order curves recorded at high [CnH2n:2] were always considerably more scattered than
the data recorded at low [CyH2n+2] due to absorption of the N(?D) VUV LIF emission by residual CoHan+2

present in the reactor.

Here, several secondary reactions involving CBr, photolysis products (C(3P) and C(!D)) or reactions R
5.4 and R 5.5 products (CN, N(*S) and O(!D)) with the alkanes reagents could occur in the reactor. As
both C(3P) and N(*S) are unreactive with CH4, C;Hs and C3Hg at room temperature and below, these
reactions do not need further consideration. On the other hand, C(!D) atoms are going to react with
CHa, CoHs and CsHg leading to products®® such as atomic hydrogen and hydrocarbon radicals (CH and
CHs) but these species are present in very low concentrations and none of them will yield N(2D) as a
product in reaction with NO. Furthermore, although CN and O('D) will react readily with saturated

446 none of these products are thought to lead to the formation of N(?D)

hydrocarbon molecules
atoms. Then as we are following directly N(?D) atoms, these secondary reactions are not expected to

interfere with our determinations of the rate constants for the primary N(?D) + C,Han+2 reactions.
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Figure 5.4 N(’D) VUV LIF signal as a function of time. Left panel recorded at 296 K; right panel recorded
at 127. (Red open squares) without C,Han.2 added, (blue open circles) maximum concentration of alkane
added. The NO concentration was fixed to ~ 4.5 x 10 cm™ at 296 K and ~3.1 x 10** cm? at 127 K. Solid
red and blue lines represent exponential fits to the data using expression 2.5.

The second-order rate constants were extracted from the slope in a plot of the pseudo-first-order rate
constants against [ChHan+2]. It is important to notice that the intercept of these plots represent the loss

of N(D) in reaction with NO assuming that diffusional losses are small in comparison.
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Figure 5.5 Second-order plots for the N(°D) + CnHan:2 reactions. The solid lines represent linear least-
squares fits to the data, weighted by the statistical uncertainties of the individual data points obtained
through pseudo-first-order fits.

To study the kinetics of N(*D) atoms with CnHans2, it is necessary to add NO in the system to produce
N(2D) atoms. Then the chosen NO concentration plays an important role in the pseudo-first-order
decays producing N(2D) atoms at a variable rate. In addition, as can be seen in Figure 5.5 the range of
pseudo-first order rate constants is quite small due to a combination of both the initial NO
concentration chosen and the slow second-order rate constants for the processes. Thus, it is necessary
to test the influence of the initial NO concentration in the determination of the second-order rate
constants for the target reactions. To perform these test experiments, pseudo-first order curves were
recorded for a range of alkane concentrations using different initial NO concentrations at the same
temperature. The resulting pseudo-first-order rate constants were plotted against the corresponding
alkane concentration as shown in Figure 5.6. In these plots, the intercept value increases with

increasing NO concentration as expected due to the increasing rate of N(?D) loss.
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Figure 5.6 Second-order plots for the N(’D) + C.Hans> reactions using different concentrations of NO at
the same temperature. The solid lines represent linear least-squares fits to the data, weighted by the
statistical uncertainties of the individual data points obtained through pseudo-first-order fits.

Finally, the second-order rate constants as a function of temperature for the N(?D) + C,H2n+2 reactions
are shown in Figure 5.7 and summarized in Table 5.2 along with the NO concentration used, the

number of experiments performed in each case and the range of [C,Hzn+2].
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Figure 5.7 Rate constants for the N(?°D) + CoHans2 reactions as a function of temperature. The N(°D) +
CsHs reaction: (open blue triangles) this work; (black open triangle) Umemoto et al.;*® (red solid triangle)
Fell et al.3 The N(D) + C;Hs reaction: (solid blue squares) this work; (black open square) Umemoto et
al.;*® (red solid square) Fell et al.>* The N(?D) + CH,4 reaction: (open blue circles) this work; (black open
circle) Umemoto et al.;*® (red solid circle) Fell et al.;* (green solid circle) Black et al.;** (purple solid
circles) Takayanagi et al.®® The solid blue lines represent simple Arrhenius or Kooij type fits to the
present experimental data. Error bars in the present results represent the combined statistical (1c) and
systematic uncertainties (estimated to be 20% of the nominal value of the rate constant except for
measurements of the N(?D) + CH4 reaction at 177 K and 127 K where it was estimated to be 50%).

In this case, we report the second-order rate constants with a systematic error of 20% (50% in the case
of N(*D) + CH, reaction at 177 K and 127 K; see details in the discussion) because our procedure to
obtain N(?D) atoms is complex, combining two processes (formation of the N(?D) atoms through
chemical reaction and N(?D) decay through reaction with the target molecules and with NO).
Furthermore, instead of fitting the pseudo-first order curves to a biexponential function (which
describe the whole process) we were required to fit to a single exponential curve; a procedure in which
the choice of the starting point should be made carefully. These issues combined generate a larger

uncertainty in the determined second-order rate constant.
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Table 5.2 Temperature dependent rate constants for the N(?D) + C,Han+2 reactions.

T(K) N°  [NO](10%cm?)  [CHaJ(10%em®)  ky(z2p), oy, (107cm’s™)
296 44 46 0-46.4 (2.5+0.5)

296 24 21 0-45.8 (2.1+0.4)

177+2° 38 2.6 0-55.5 (0.5+0.2)

1272 20 15 0-66.1 (0.2+0.1)

T(K) N [NOJ(10%ecm?)  [GHe](10™em?®)  ky(z2p),c,p, (107cm’s™)
296 28 4.4 0-24.4 (12.6 + 2.6)

296 18 6.6 0-23.6 (12.242.9)

1772 39 2.7 0-37.6 (2.5+0.6)

127+2 38 3.1 0-43.2 (1.7 £0.4)

127+2 18 46 0-43.1 (1.8+0.5)

75£2 19 2.7 0-21.3 (1.1+0.4)

T(K) N [NOJ(10%cm?)  [GsHsl(10%em™)  ky(2py,c,p, (10 cm’s™)
296 22 42 0-22.9 (11.5 % 2.5)

296 21 6.3 0-23.1 (17.3 £3.8)

296 40 22 0-25.3 (11.6 +2.4)

177+2 38 2.7 0-26.7 (5.6 +1.2)

127+2 36 3.2 0-30.9 (4.6 +1.0)

127+2 18 4.7 0-31.0 (4.3+0.9)

75£2 30 2.7 0-10.5 (3.3+0.9)

9Uncertainties in the calculated temperatures represent the statistical (10) errors obtained from Pitot
tube measurements of the impact pressure. "Number of individual measurements. ‘Uncertainties in the
measured rate constants represent the combined statistical (16) and estimated systematic (20 and
50%) errors.

5.4.2. Discussion

For the N(?D) + CHa4reaction, the previously reported rate constants at room temperature vary in the
range of (3.0 — 5.4) x 1022 cm3 s, These values were obtained employing a variety of experimental
techniques such as photolysis-chemical tracer,’! microwave discharge-electron spin resonance
absorption,3? PLP-fluorescence, etc.’® Our measured rate constants at room temperature using two
different concentrations of NO yield very similar values (see Table 5.2) but they are slightly lower than
the literature values. The temperature dependence of this reaction was studied by Takayanagi et al.3?

using pulsed radiolysis-resonance absorption over the 223 — 292 K temperature range. Although the
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values reported by these authors are almost twice as large as our determined values, we find a similar
positive temperature dependence. Our measured rate constants below room temperature are smaller
than 102cm3 s%, a value that is normally considered as the lower limit for the rate constants that can
be measured in a CRESU apparatus (assuming that the minor reagent decay can be followed over at
least two half-lives). In the case of the rate constants determined at 177 K and 127 K, the losses of
N(2D) atoms were followed for approximately one half-life due to a combination of the slow rate
constant for the process and the corresponding maximum hydrodynamic time for each Laval nozzle.
Consequently, the derived second order rate constants at these temperatures are characterized by
uncertainties substantially larger than those usually associated with this type of measurement. In this
respect, we have increased our estimate of the systematic errors on these two measurements to 50%
of the nominal value. An Arrhenius fit to our data yields the following Arrhenius parameters; A = 1.93

x 10 em® st and (Ea/R) = 638.

The kinetics of the N(2D) + C;Hs and CsHs reactions have been investigated at room temperature by Fell
et al.3? and Umemoto et al.’® In the case of the N(?D) + C,H¢ reaction, they obtained very similar rate
constants, (2.7 £1.0) x 10 ecm3stand (2.1 £0.2) x 10 cm3 st respectively, however the critical review
of Herron et al.! estimated that the rate constants determined by Fell et al.3? should be adjusted
downwards by a factor of 0.6 yielding (1.6 = 0.6) x 10! cm3 s, The rate constants determined by us
using two different NO concentrations are very similar (see Table 5.2) but slightly lower than the
previous work of Fell et al.3? and Umemoto et al.’® Our rate constants decrease as the temperature
falls reaching a value of (1.1 £ 0.3) X 102 cm3 st at 75 K. An Arrhenius fit to the present data does not

yield a good fit over the entire temperature range, so we choose instead to use a modified Arrhenius

. T \" Eq 12 3 Eq
type expression k = A * (ﬁ) * exp (— E) where A =3.58 X 10** cm?® s, n = 4.45 and i -379.
The deviation from Arrhenius behaviour at low temperature might be an indication that H-atom

tunnelling plays a small but non-negligible role in the N(2D) + C;Hs reaction.

For the N(°D) + CsHg reaction, Fell et al.3? and Umemoto et al.’® found rate constants with the values
(4.6 £ 1.4) x 10" cm® sTand (3.1 + 0.3) x 10 cm? s respectively, however after the correction
suggested by Herron et al.! to the data of Fell et al.3? the rate constant at room temperature is (2.8
0.8) x 10 ™ cm? s, As these values are higher than our determined rate constants at room temperature
we performed further tests to check for potential errors in the current work. In particular, as N(?D)
atoms are formed through reaction R 5.4 rather than prompt formation through direct photolysis, it is
possible that N(?D) formation and N(?D) loss through the N(2D) + CsHs reaction were occurring over the
same time period. Indeed, such an effect is expected to lead to slower pseudo-first-order rate

constants for the target reaction. Then the second-order rate constants for the N(?D) + CsHs reaction

193



A VIABLE SOURCE OF N(°D) ATOMS FOR KINETIC STUDIES AT LOW TEMPERATURE

were measured at room temperature using three different fixed NO concentrations (2.2, 4.2 and 6.3
X 10 cm3). Assuming a rate constant of 1.5 X 10™° cm? s* for reaction R 5.4, we obtain pseudo-
first-order rate constants of 3.3, 6.3, 9.5 X 10* s respectively thus allowing us to calculate the half-life
times for N(?D) formation under these conditions. The delay times when only 13% of the initial C(*P)
remains to be converted to N(2D) (corresponding to three half-lives) are 64, 33 and 22 ps, indicating
that data acquired at delays shorter than these values may not accurately reflect the kinetics of the
N(%D) + C3Hs reaction. For the lowest NO concentration, the data acquired after 64 ps was difficult to
analyse given the weak signal levels, with a measured rate constant of (1.2 +0.2) X 10 cm? s, With
the intermediate NO concentration, a similar measured rate constant of (1.2 £ 0.2) X 10 cm® s was
obtained. Only the rate constant value obtained for the N(2D) + CsHs reaction with [NO] = 6.3 x 10**
cm3 (yielding (296 K) = (1.7 £ 0.4) X 10 cm? s respectively) was retained to derive the temperature
dependent fitting parameters. Our determined rate constant decreases as the temperature falls
reaching a value of (3.2 £ 0.9) X 102 cm?® s at 75 K. As the Arrhenius expression does not yield a good

fit to the data over the entire temperature range, the modified Arrhenius type expression described

above is used instead where 4 = 7.36 X 10> cm3s™?, n = 2.99 and % =-252.

Taking into account our determined rate constants for the N(2D) + C,Han+2 reactions and including the
results at room temperature from previous determinations, we can state that the rate constants for
C,;He and CsHs are considerably larger than those for CHi. Furthermore, the small rate constants
measured for these systems suggest an activation barrier in the entrance channel implying that the
rate constants are going to be significantly smaller than currently predicted at temperatures of interest

to Titan’s atmosphere.

Regarding the dynamics of the N(?D) atoms + C,Han+2 reactions, it is thought that N(D) atoms insert
into one of the C-H bonds leading to the formation of an intermediate which later fragments into
products. In the case of the N(?D) + CH, reaction, Umemoto et al.* suggested that the CHsNH
intermediate is short lived and explained the preferential formation of CH.NH + H over the CHsN + H
due to the tri-radical character of N(?D) atoms. After insertion of N(?D) into the C-H bond there is still
one unpaired electron which might interact with the electron of the carbon atom to form a C=N double
bond and consequently a H-atom must be ejected promptly. On the other hand, Balucani et al.>’
identified a large yield for the CH3N isomer, which increases with the collision energy (22.2 — 65.1
kJ/mol). These authors suggested that the C-N and N-H bonds will break easier than the C-H bond (even
though the latter is weaker) because the excess of energy in the newly formed intermediate CHsNH is
going to be concentrated in the C-N and N-H bonds. In addition, the short lifetime of the CH3NH

complex does not allow an efficient intramolecular energy distribution, thereby favouring the rupture
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of the more stable bonds. These authors conclude that while at high collision energies the reaction is
dominated by dynamical effects with the formation of the products CHsN + H and CH; + NH, at low
collision energies it behaves statistically with a redistribution of the available energy to form the more
stable products CH,NH + H. As our experiments are performed at much lower equivalent energies, the
lifetime of the CHsNH intermediate will increase, favouring the preferential formation of the more
stable CH,NH + H channel in agreement with the results of Umemoto et al.* performed at room

temperature.

In the case of the N(?D) + C;Hs reaction, the CMB result of Balucani et al.*° shows that the reaction
proceeds through the formation of one or more bound intermediates, results that were supported by
their electronic structure calculations of the C;HgN PES. As the CH3CH,NH complex has an increased
capability to randomize the internal energy (due to an increased number of degrees of freedom with
respect to the CHsNH complex), the N(?D) + C;Hs reaction behaves mostly statistically. From the 22
different exit channels that were identified in their calculations the major reaction channel at the
characteristic temperatures of Titan’s atmosphere involves C-C bond breaking leading to CHs + CH,NH
(78.8%) followed by the H + CH3CHNH (12.4%) and minor contributions from the channels NH + C;Hs
(5.5%), H + CH2CHNH; (1.9%) and 3CH2NH +CH; (1.4%).

In the case of the N(?D) + CsHg reaction, there is no information on the nature of the products. However,
the behaviour of this reaction is expected to be similar to the methane and ethane reactions. Making
analogies with the N(?D) insertion into C,He, Dutuit et al.* propose that the products CH,NH + C;Hs or
CH3CHNH + CH3; might be formed. They also propose the formation of NH + CsH; and C;HsCHNH + H.
Further dynamical and kinetic studies are required for this reaction with the aim to clarify the nature

of the products at low temperature.
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5.5. Astrochemical implications

As stated in the introduction, several reactions involving N(2D) atoms are a major source of uncertainty
in photochemical models of planetary atmospheres. Kinetic studies of these key reactions are
necessary to characterize the complex chemistry of these atmospheres, but the experimental
production of N(2D) atoms has represented a significant challenge to experimentalists. This work
provides a solution to this problem reporting a new method to obtain metastable N(?D) atoms. The
method presented in this chapter allows us to study the kinetics of several gas-phase reactions at low
temperatures if the losses of C(3P) atoms (our source of N(?D)) in reaction with the reagent in excess

are not too significant.

To date, we have employed this method to study the reactions of N(?D) with methane, ethane and
propane down to 50 K. Current photochemical models of Titan’s atmosphere use the recommended
room temperature rate constants for the N(?D) + C,Hs, C3Hs reactions as temperature independent
values to describe the reactivity of these reactions at lower temperature. However, if we take 150 K as
a representative temperature for Titan’s atmosphere, in the case of the N(D) + C;H¢ reaction we will
obtain using our best fit parameters a rate constant of 2.1 X 102 cm? s, which is almost an order of
magnitude lower than the currently recommended value (1.9 X 10! cm?® s%). In the case of N(?D) +
CsHs reaction, the fit to our data yields a rate constant of 5.0 X 1022 cm3 s at 150 K; a value that is six
times smaller than the currently recommended value (2.9 X 10 cm? s1). Consequently, the results

presented here represent an improvement to future predictions of these photochemical models.
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Conclusions and perspectives

This thesis presents the results of my three years of doctoral work in experimental astrochemistry. We
have studied nineteen gas-phase reactions employing the mini-CRESU (Cinétique de Réaction en
Ecoulement Supersonique Uniforme) apparatus located at the ISM (Institute des Sciences
Moléculaires). Using this apparatus, temperatures in the range of 50 - 296 K can be achieved allowing
us to study reactions that are important in the chemistry of the interstellar medium and in planetary

atmospheres.

Here, the neutral-neutral reactions of atomic carbon, oxygen and nitrogen in their first excited
electronic states (1D, 'D and 2D respectively) with several molecules of relevance to the atmospheres
of Titan and Mars have been investigated, providing rate constants for these processes. The excited
electronic states of carbon and oxygen were generated by PLP of a suitable precursor and the rate
constants for these processes were determined using the isolation method where the concentration
of the molecular reagent was placed in a large and known excess with respect to the atomic species.
The changes in the concentration of the target species were followed by on-resonance VUV LIF. For
some multichannel exit reactions leading to H-atom production, we have determined the H-atom
yields by comparing with a reference reaction that is known to produce H-atoms with a yield of 100%.
The fast rate constant determined for the reaction of C(D) with CH4 combined with the abundance of
methane in Titan’s atmosphere suggests that this reaction could be a significant source of larger
hydrocarbons. As the rate constants for O('D) + CO; are quite fast, this quenching process is likely to
be efficient in the atmosphere of Mars. Isotopic studies (C(!D) + HD and O('D) + D,/HD) have been
performed with the aim to clarify the reaction mechanism of the primary reaction (C(D)/O('D) + H,)
and to benchmark theoretical methods. Rate constants for several reactions of fundamental interests
(C(*D) + NO/O; and O('D) + C,He/C2H,) have been reported down to 50 K and their mechanisms have
been discussed through comparisons with other reported studies performed at higher temperatures

or on the electronic ground state equivalent reactions.

We have proposed a hew method to obtain N(?D) atoms based on the chemical reaction between C(*P)
and NO facilitating the study of several N(D) atom reactions at the low temperature that characterize
planetary atmospheres. Using this method, the rate constants for the reactions of N(2D) + methane,
ethane and propane have been measured and are seen to decrease as the temperature is lowered.
This result, once included in photochemical models of Titan’s atmosphere will contribute to the
improvement of their accuracy because current models use temperature independent rate constants

for some of these processes by extrapolating the measured room temperature values to the low
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temperature region. This approximation overestimates the importance of these processes at low

temperatures.

The reaction between the electronic ground state carbon (3P) and water has also been studied
experimentally and theoretically with the aim to shed some light on the disagreement between the
observed and predicted abundances of water in the ISM. Rate constants and branching ratios for C(*P)
+ water and deuterated water have been investigated experimentally down to 50 K demonstrating the
role of tunnelling in these reactions as the temperature is lowered. MESMER calculations have also
been performed to help us understand the reaction mechanism and to extrapolate the rate constants
to the low temperatures and densities of the interstellar medium. We estimate a fast rate constant at
10 K, which combined with the water abundances make this reaction the main sink of interstellar gas-
phase water. Then if this reaction is included in models of the ISM, the current discrepancies between
the observed and predicted water abundances (where the predicted water abundance is too large by

an order of magnitude) are likely to be reduced.

The kinetic studies performed in this thesis contribute to a better understanding of the complex
chemistry at work in the interstellar medium and in planetary atmospheres, providing important data
for the models to explain the observed abundances of several molecules. The rate constants for most
of the processes studied here including excited state atoms are seen to remain fast below room
temperature and consequently their influence should be tested on photochemical models by including
the formation and loss channels of these excited states atoms. The N(2D) atom production method
developed in this work sets the basis for future studies of other key reactions identified in
photochemical models such as N(°D) + acetylene and ethylene. With the aim of identifying and
quantifying the product channels for these reactions studied it would be interesting to couple the
CRESU apparatus with a mass spectrometric detection method or with broadband rotational
spectroscopy to detect polar molecular products. This latter spectroscopic method is currently being
implemented in our laboratory under the project OSCAR (Original Submillimeter Chirped pulsed
instrumentation for Astrochemical Reactivity) which will combine the existing CRESU apparatus with a
novel broadband rotational spectrometer in the submillimeter range. Furthermore, the VUV
generation scheme used in this thesis to detect H-atoms opens the possibility to study for the first time
at low temperature several reactions between H or D-atoms and radicals such as NO,, OH, CH, NH,
NH,, and CHs. Indeed, with this method it is also possible to determine the rate constants for several
reactions that could be important mechanisms for deuterium enrichment in planetary atmospheres

and the interstellar medium.
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“Experimental Astrochemistry: The kinetics of neutral-neutral reactions at low temperature

and their relevance to the chemistry of planetary atmospheres and interstellar clouds”

The last 50 years have been characterized by the fast development of astrochemistry as a science. To
date, more than 150 gas-phase neutral-neutral reactions have been investigated at low temperatures
relevant to planetary atmospheres and in cold regions of the interstellar medium. However, the rate
constants and nature of the products for many potentially important gas-phase processes remain
unknown. We performed kinetic studies of reactive and non-reactive removal processes between
electronically excited atoms [C(*D), O(*D) and N(2D)] with several molecules in order to quantify their
importance in the chemistry of planetary atmospheres. Furthermore, we also investigated the reaction
between carbon atoms in their ground electronic state (3P) with water, providing new evidence of a
guantum mechanical tunnelling mechanism at low temperatures, which could play an important role
in the chemistry of interstellar clouds. Rate constants and branching ratios for these processes were
determined over the 50 - 296 K temperature range using a CRESU (Cinétique de Réaction en
Ecoulement Supersonique Uniforme) apparatus coupled with pulsed laser photolysis (PLP) and vacuum

ultraviolet laser induced fluorescence (VUV LIF).

Keywords: astrochemistry, chemical kinetics, gas-phase reactions, excited state atoms, CRESU

“Astrochimie expérimentale: Cinétique des réactions neutre-neutre a basse température et

pertinence pour la chimie des atmospheres planétaires et des nuages interstellaires ”

Les 50 derniéres années ont été caractérisées par le développement rapide de |'astrochimie. Plus de
150 réactions entre especes neutres ont déja été étudiées aux basses températures qui sont celles du
milieu interstellaire et des atmospheres planétaires. Néanmoins, les constantes de vitesse et la nature
des produits restent inconnues pour de nombreuses réactions potentiellement importantes pour
caractériser ces milieux. Nous avons effectué des études cinétiques pour des processus réactifs, et non
réactifs entre des atomes dans un état électronique excité [C(*D), O(1D) et N(*D)] et plusieurs molécules
stables afin de quantifier leur importance dans la chimie des atmosphéres planétaires. Nous avons
aussi étudié la réaction entre les atomes de carbone dans leur état électronique fondamental (3P) et
I’eau, confirmant I'importance, pour certaines réactions avec barriere, de I'effet tunnel pour la
réactivité a basse température. Les constantes de vitesse et les rapports de branchement pour ces
processus ont été déterminés dans la gamme de température entre 50 et 296 K en utilisant un appareil
CRESU, les atomes étudiés ont été produits par photolyse a I’aide d’un laser pulsé (PLP) et détectés par

fluorescence induite par laser dans 'ultraviolet du vide (VUV LIF).

Mots-clés: astrochimie, cinétique chimique, réactions en phase gazeuse, atomes a |'état excité, CRESU
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