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Fabian Esneider CANO ARDILA

Etude expérimentale multi-échelle sur la chimie des
nanoparticules par les techniques du tube a choc

Résumeé : Différentes techniques de tubes ont été utilisées pour étudier les mécanismes cinétiques impliqués
dans la formation de suie a partir des principaux composants des combustibles et intermédiaires. En
particulier, un nouveau tube a choc a taux de répétition élevé (HRRST) est présenté ainsi que son couplage
a des détecteurs i?PEPICO dans les synchrotrons européens. Cette technique a été mise en ceuvre pour
étudier la pyrolyse de I'éthanol, du toluéne, de I'éthylbenzéne et du styréne, en accordant une attention
particuliére a la chimie des HAP. Les expériences HRRST complétent les nouvelles données obtenues dans
des tubes a chocs a plus grande échelle avec différentes concentrations de combustible et diagnostics, depuis
les mesures chromatographiques en phase gazeuse des profils de HAP jusqu'aux mesures d'extinction de la
formation de nanoparticules. Les résultats fournissent de nouvelles informations sur les processus complexes
conduisant aux nanoparticules pour les de modeéles cinétiques.

Mots clés : tube a choc, diagnostic du synchrotron, chimie des nanoparticules, cinétique chimique, extinction
laser, chromatographie en phase gazeuse

Multi-scale experimental study on the nanoparticles chemistry by
shock tube techniques

Summary : Different laboratory-based and synchrotron-based shock tube techniques were used to study the
kinetic mechanisms involved in soot formation from key fuel components and intermediates. In particular, a
new high repetition rate shock tube (HRRST) is presented together with its coupling to double imaging
photoelectron/photoion coincidence spectroscopy detectors in European synchrotrons. This technique was
implemented to study ethanol, toluene, ethylbenzene and styrene pyrolysis with particular attention to
polycyclic aromatic hydrocarbon chemistry. The HRRST experiments complement new data obtained in larger
scale shock tubes with different fuel concentrations and diagnostics, from gas chromatographic measurements
of PAH profiles up to four rings to time-history laser-based extinction measurements of nanoparticles formation.
The results provide new information on the complex processes leading to the nanoparticles for future
developments of predictive chemical kinetic models.

Keywords : shock tubes, synchrotron diagnostics, nanoparticles chemistry, chemical kinetics, laser extinction,
gas chromatography.
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Résumé

Différentes techniques expérimentales, basées sur la technique du tube a choc, ont été utilisées pour
étudier les mécanismes cinétiques impliqués dans la formation des suies a partir des principaux
composants des combustibles et intermédiaires et de combustion. En particulier, un nouveau tube a choc,
automatisé avec un taux de répétition élevé (HRRST), est présenté ainsi que son couplage a des détecteurs
iZPEPICO dans les synchrotrons européens. Cette technique a été mise en ceuvre pour étudier la pyrolyse
de I'éthanol, du toluene, de I'éthylbenzene et du styréne, en accordant une attention particuliere a la
chimie des HAP. Les expériences HRRST complétent les nouvelles données obtenues dans des tubes a
chocs a plus grande échelle avec différentes concentrations de combustible et diagnostics, depuis les
mesures chromatographiques en phase gazeuse des profils de HAP jusqu'aux mesures d'extinction de la
formation de nanoparticules. Les résultats fournissent de nouvelles informations sur les processus
complexes conduisant aux nanoparticules pour le développement des modeéles cinétiques détaillés.

Mots-clés : tubes a chocs, diagnostics synchrotron, chimie des nanoparticules, cinétique chimique,
extinction laser, chromatographie en phase gazeuse.

Introduction et motivation

Les matieres particulaires (PM) constituent I'un des polluants les plus nocifs pour la santé humaine et
I'environnement [3]. D'un point de vue fondamental, une compréhension détaillée et précise de la
formation des particules dans les conditions propres aux dispositifs de combustion est un élément clé de
la mise en ceuvre de techniques d'atténuation efficaces pour réduire les émissions. En particulier, le noyau
carboné des PM, appelé suie, provient de I'oxydation incompléte du combustible dans les régions de la
flamme ol les concentrations en oxygene sont insuffisantes par rapport aux concentrations de carbone.

La formation de suie est un processus trés complexe qui implique plusieurs étapes multiphases et multi-
échelles, a commencer par la décomposition des composants du combustible et la formation et la
croissance ultérieures des structures a cycles multiples, les hydrocarbures aromatiques polycycliques
(HAP), a partir des aromatiques a cycle unique [4], [5]. Les modéles actuels de formation de la suie
suggerent "en soi" un ordre cinétique des intermédiaires de la phase gazeuse, y compris |'apparition et
I'évolution des HAP, comme le montre la Figure 1.1. Le processus se poursuit avec |'apparition des
particules et leur croissance ultérieure par coagulation et réactions de surface. Enfin, les particules
primaires s'agglomerent et s'oxydent pour former les structures matures de la suie. Les études cinétiques
sur la formation de la suie sont nombreuses et impliquent des recherches expérimentales sur les
molécules de HAP, précurseurs de la suie, et sur la chimie en phase solide des particules carbonées dans
diverses configurations. En particulier, les tubes a chocs constituent des réacteurs idéaux pour étudier la
chimie de la suie dans les conditions typiques rencontrées dans les dispositifs de combustion modernes

(7], [8].

Différentes techniques analytiques telles que les systemes de chromatographie en phase
gazeuse/spectrométrie de masse (GC/MS) [13], la spectrométrie de masse a temps de vol (TOF-MS) [14],
[15] et les mesures d'absorption laser in situ [16] ont été couplées a des tubes a chocs pour fournir des
informations cinétiques détaillées sur la chimie en phase gazeuse, tandis que des techniques basées sur
I'interaction matiere-laser [17] ont été employées pour mesurer la formation et la croissance des
particules. Cependant, malgré les capacités remarquables de ces techniques, il existe certaines limites qui



ne peuvent étre surmontées qu'avec des solutions innovantes basées sur des diagnostics synchrotron
récents. La combinaison des tubes a chocs avec ces diagnostics permettrait d'ajouter les avantages des
deux installations. Malheureusement, l'installation d'un tube a choc dans un accélérateur de particules
pose plusieurs problémes liés aux faibles niveaux de signal et a l'espace disponible limité [18], [19].
Récemment, une nouvelle catégorie de tubes a chocs, les tubes a chocs miniaturisés a haut taux de
répétition (ANL-HRRST), a été développée par R. Tranter au Argonne National Laboratory, spécifiqguement
pour une utilisation dans les installations synchrotron, démontrant une excellente répétabilité des
conditions thermodynamiques atteintes dans le tube a chocs (essentielles pour le calcul de la moyenne
du signal) et une fiabilité de fonctionnement [21]. En particulier, 'ANL-HRRST a été couplé a la
spectrométrie de masse par photoionisation dans |'ultraviolet sous vide du synchrotron (VUV-PIMS), ce
qui démontre le potentiel de ces techniques combinées [22]. En revanche, jusqu'a présent, les études
réalisées avec I'ANL-HRRST n'ont pas été appliquées a la chimie des HAP ou des suies.

Le présent travail de these est basé sur une approche multi-échelles pour clarifier certains aspects liés aux
différentes étapes de la formation et de la croissance des HAP et des particules, avec ['utilisation de
techniques conventionnelles et innovantes de tubes a chocs. En fait, I'un des principaux objectifs de ce
travail est de concevoir, construire, développer et caractériser un nouveau tube a choc miniaturisé a haut
taux de répétition (ICARE-HRRST), le premier en Europe, destiné a étre utilisé dans les Synchrotrons pour
compléter les capacités expérimentales du laboratoire ICARE qui comprend déja plusieurs tubes a chocs
conventionnels. L'ICARE-HRRST a ensuite été couplé pour la premiére fois a un diagnostic avancé basé sur
le synchrotron, la spectroscopie de coincidence de photoélectron-photoion a double imagerie (i2PEPICO)
[23], dans le but d'étudier la chimie des HAP dans des environnements pyrolytiques a haute pression.
i2PEPICO est l'une des techniques les plus avancées capables de résoudre des mélanges complexes
d'isomeres de HAP, comme I'ont démontré des études antérieures sur les flammes et les réacteurs a flux
[24]-[26]. Par conséquent, I'application d'i?PEPICO a |'étude de la formation des HAP dans des conditions
similaires a celles d'un moteur a le potentiel de déméler la chimie complexe qui relie la formation de petits
HAP et |'apparition de nanoparticules de carbone et d'aider a résoudre les controverses de longue date
sur les mécanismes impliqués. Les premieres études réalisées avec i2PEPICO/HRRST seront également
présentées, y compris les résultats de la pyrolyse des principaux composants des carburants et des
intermédiaires cruciaux dans la formation des nanoparticules de suie comme le toluéne, I'éthylbenzene,
le styrene et I'éthanol.

Pour compléter les mesures effectuées dans les installations synchrotron par des expériences réalisées
avec des tubes de choc conventionnels a grande échelle, la formation de petits hydrocarbures
aromatiques polycycliques (jusqu'a trois cycles, tube de choc a impulsion unique) et de nanoparticules
carbonées (techniques basées sur l'interaction matiere-_laser) a partir de différents intermédiaires de
combustible tels que I'éthylbenzene et le styréne a été examinée. Les différents types de données seront
analysés en fonction des caractéristiques spécifiques des installations. Ces résultats étendront les travaux
antérieurs du laboratoire concernant la chimie des HAP et des particules provenant d'une variété de
carburants aromatiques et de mélanges avec de petits intermédiaires aliphatiques, dans le cadre de la
subvention européenne ERC FUN-PM.

Etude bibliographique

La compréhension de la formation et de la croissance des molécules de HAP est cruciale et influe
fortement sur la précision de I'ensemble du modéle de formation de la suie. Malheureusement, la chimie



des HAP n'est pas encore bien comprise en raison du grand nombre de voies et de mécanismes de réaction
possibles [27] et des limites des techniques expérimentales et théoriques [28]. L'un des mécanismes les
plus acceptés est le schéma HACA, dans lequel plusieurs additions d'acétylene (C2H2) sur des sites
radicaux conduisent a des structures cycliques et, par conséquent, a la croissance des HAP [29]. Des
mécanismes similaires sont également impliqués dans la croissance des particules solides. Le mécanisme
HACA repose sur la stabilité de l'acétyléne dans des conditions de flamme a haute température, et il est
limité par la concentration de I'espéce dans I'environnement de combustion.

Le mécanisme HACA est toujours I'une des principales voies dans de nombreuses applications pratiques,
bien que plusieurs études expérimentales et de modélisation dans le passé aient montré comment sa
mise en ceuvre en tant que processus de croissance unique est incapable de prédire le taux de croissance
correct, en particulier pour les HAP de grande taille ([30], [31]). Par exemple, Miller et al. [32] et Marinov
et al. [33] ont constaté dans les années 90 que le mécanisme HACA était trop lent par rapport a leurs
résultats expérimentaux. Comme alternative, ils ont proposé un mécanisme pour décrire la croissance
rapide de grandes molécules complexes, basé sur I'ajout de radicaux stabilisés par résonance. Les radicaux
stabilisés par résonance comprennent le propargyle (C3H3), l'allyle (C3H5), le cyclopentadiényle (C5H5),
le benzyle (C6H5CH2) et I'indényle (C9H7).

D'autres mécanismes importants de croissance des HAP impliquent des réactions entre les radicaux
aromatiques et les molécules aromatiques, accompagnées d'une abstraction d'hydrogéne et d'une
cyclisation, ce que I'on appelle la coagulation réactive [37]-[39]. Il s'agit d'une généralisation de la réaction
entre le radical phényle et le benzéne, observée dans le cadre de la formation des HAP lors des études
antérieures [33], [40]. Récemment, Shukla et Koshi [41], [42] ont reproposé ce mécanisme sous un nom
légerement différent, a savoir la cyclisation par addition de phényle (PAC). Les mémes auteurs ont
également proposé le mécanisme dit HAVA [43] impliquant des radicaux C2H3, mais |'efficacité de ce
mécanisme dans des conditions de combustion est limitée par la courte durée de vie du radical. D'autres
mécanismes de croissance proposés comprennent l'addition de méthyle et cyclisation (MAC), comme
indiqué par plusieurs auteurs [44]-[47], dont la contribution n'est cependant pas aussi efficace que les
mécanismes mentionnés précédemment en raison de la faible masse moléculaire du radical méthyle, et
la cycloaddition diradicale / fragmentation (CAF) [48]-[51], qui concerne principalement certaines
réactions pyrolytiques des combustibles.

Dans la pyrolyse de combustibles réels, ces mécanismes de croissance se produisent en méme temps et
leur importance relative dépend de la composition du combustible et des conditions thermodynamiques
(pression et température). Les recherches en laboratoire ont permis d'identifier ces mécanismes et de
développer des modeles cinétiques chimiques détaillés capables de reproduire les observations
expérimentales. En particulier, les tubes a chocs ont été couplés a différents systémes analytiques pour
réaliser des études de spéciation. Aujourd'hui, ces systemes permettent de détecter, d'identifier et de
quantifier un grand nombre de molécules dans les conditions rencontrées derriére les ondes de choc
réfléchies. De nombreuses études antérieures sur la chimie pyrolytique appliquée a la formation de suie
impliquent la décomposition thermique de molécules d'hydrocarbures aromatiques. Les molécules
aromatiques sont présentes dans les carburants réels et les substituts de carburants, et sont formées
comme intermédiaires dans la croissance moléculaire vers les particules solides. Ainsi, une



compréhension détaillée de la décomposition pyrolytique de ces molécules dans des conditions similaires
a celles d'un moteur représente une étape importante dans la compréhension des processus de formation
des HAP. Certains de ces travaux sont examinés en détail dans la section 2.1.1. En outre, la section 2.1.2
présente des travaux récents associant des tubes a chocs a taux de répétition élevé a des détecteurs
synchrotron avancés afin de surmonter les limites des techniques actuelles. Une revue de la chimie des
HAP pyrolytiques utilisant d'autres dispositifs expérimentaux est présentée a la section 2.1.3.

Les expériences menées en laboratoire et dans les synchrotrons sur la mesure des grands produits
intermédiaires en phase gazeuse pertinents pour la formation des nanoparticules de suie peuvent aider a
clarifier les voies qui ménent a la croissance des cycles. Cependant, le chemin vers la formation et la
croissance des nanoparticules de carbone comprend plusieurs étapes qui doivent encore étre clarifiées
sur la base de techniques complémentaires axées sur la chimie en phase solide. Une revue de la littérature
sur les tubes a chocs couplés a des diagnostics laser pour les mesures de particules est présentée a la
section 2.2, en mettant I'accent sur les méthodes d'extinction laser, utilisées pour sonder I'évolution
temporelle de la croissance des nanoparticules de suie provenant de la décomposition pyrolytique de
multiples composants et mélanges de combustibles.

Techniques expérimentales

Les tubes a chocs sont des réacteurs adiabatiques idéaux, fermés et a volume constant, qui fournissent
des conditions de pression et de température presque constantes au moyen d'ondes de choc [20]. La
nature d'un tube a choc conventionnel est relativement simple. Au départ, les gaz chargés dans les deux
sections, la section haute pression et la section basse pression, sont séparés au moyen d'un diaphragme.
La section haute pression est remplie d'un gaz (généralement de I'hélium) a I'état 4, tandis que la section
basse pression est remplie du gaz d'essai a une pression inférieure, appelée état 1. Apres la rupture de la
membrane, une série d'ondes de compression se forme. Ces ondes se déplacent dans un milieu comprimé
par les ondes précédentes, de sorte que les ondes de compression suivantes ont des vitesses croissantes.
Enfin, les ondes de compression se rejoignent pour former une forte onde de choc. Cette onde de choc se
propage dans la section basse pression, augmentant soudainement la pression du gaz d'essai P1 jusqu'a
|'état P2. L'onde de choc se propage le long de la section entrainée jusqu'a ce qu'elle soit réfléchie a la
paroi d'extrémité. Derriere I'onde de choc réfléchie, les conditions sont T5 et P5. La Figure 3.2 montre un
exemple de profil de pression obtenu dans le tube a choc a impulsion unique du laboratoire ICARE avec
92 ppm de styréne dans de I'argon.

Installations de tubes a chocs en laboratoire a ICARE

Récemment, une nouvelle technique expérimentale a été congue et développée au laboratoire ICARE
pour I'étude de la chimie des HAP. Cette technique est basée sur le tube a choc conventionnel a impulsion
unique de haute pureté couplé a la chromatographie en phase gazeuse et a la spectrométrie de masse
(HPST-GC/MS). Cette technique a été largement utilisée pour mesurer les intermédiaires stables issus de
la pyrolyse et de I'oxydation des combustibles [8]. Un schéma du tube a choc conventionnel a impulsion



unique ICARE couplé au systeme analytique est présenté a la Figure 3.3. En outre, des techniques
d'extinction laser ont été couplées au tube a choc chauffé du laboratoire ICARE (HST-LE) en tant
gu'équipement de diagnostic optique pour étudier la formation transitoire et la croissance des
nanoparticules de suie aprés la décomposition de plusieurs composants et mélanges de combustibles
dans des conditions pyrolytiques. Le systéme HPST-GC/MS peut étre utilisé pour étudier la chimie des
aromatiques et des HAP dans les étapes de la phase gazeuse vers les particules de suie jusqu'aux espéces
a trois/quatre cycles. D'autre part, en ce qui concerne la chimie en phase solide, le systéme HST-LE peut
révéler des informations tres utiles sur I'apparition et la croissance des nanoparticules de suie.

Tube a choc miniaturisé et installations au synchrotron

Le tube a choc miniaturisé couplé a des détecteurs synchrotron a le potentiel de surmonter certaines des
limitations des systémes GC, de compléter les techniques conventionnelles et de dévoiler la chimie des
structures HAP a cycles multiples. Un nouveau tube a choc miniaturisé a haut taux de répétition (ICARE-
HRRST) est présenté pour la premiere fois. L'ICARE-HRRST a été développé sur la base d'une conception
antérieure des Dr Tranter et Dr Lynch (ANL-HRRST) afin d'accéder aux détecteurs de spectroscopie de
coincidence photoélectron/photoion a double imagerie (i2PEPICO) situés dans différentes installations
synchrotron européennes (SOLEIL et SLS). Sa conception et son fonctionnement ont été examinés en
détail (section 4.1), ainsi que la caractérisation de ses performances. Les défis a relever pour réaliser le
couplage HRRST/i2PEPICO sont également décrits. En particulier, le tube de choc miniaturisé, caractérisé
par un diameétre interne de 8 mm, est construit de maniere modulaire, ce qui permet de varier sa longueur
de ~84 cm (Figure 4.4). Le gaz d'essai et les gaz produits sont chargés/évacués vers/depuis la section basse
pression du tube a choc au moyen de cing vannes pneumatiques fabriquées sur mesure (une pour le
remplissage et quatre pour |'évacuation) qui sont des éléments clés du systéme. La vanne de remplissage
utilisée pour introduire les mélanges est équipée de deux réservoirs pour garantir que la pression P1 est
pratiguement constante pendant le fonctionnement continu. Les deux réservoirs sont reliés a une cuve
de 6 litres qui est automatiquement remplie de nouveau mélange en cas de besoin. Le mélange frais est
préparé a l'aide de trois régulateurs de débit massique et d'un systéeme de barbotage. Le tube a choc est
équipé de 8 détecteurs de choc également espacés et situés le long de I'axe de la section entrainée afin
de mesurer le temps de passage de |'onde de choc, tandis que la vitesse est extrapolée jusqu'a la paroi
d'extrémité afin de calculer T5 et P5 en résolvant les équations de conservation. Le tube de choc peut étre
équipé a son extrémité soit d'un transducteur de pression PCB pour mesurer I'historique de la pression,
soit d'une buse divergente en acier inoxydable pour le couplage par échantillonnage du faisceau
moléculaire avec des détecteurs synchrotron. Le fonctionnement automatique du HRRST est garanti par
un code, sous LabVIEW, qui gere également I'acquisition des données. L'ICARE-HRRST peut fonctionner a
des taux allant jusqu'a environ 1,5 Hertz.

Les performances du systeme HRRST ont été caractérisées par des mesures de |'historique de la pression
effectuées par un transducteur PCB situé a I'extrémité de la paroi. Les résultats ont mis en évidence la
présence de dP/dt dans les expériences sur les mini-tubes a choc plus importants (dus a la croissance de
la couche limite derriere les ondes de choc réfléchies) par rapport aux systéemes conventionnels, ce qui
constitue le principal inconvénient de la réduction de la taille (Figure 4.9). Cela n'est pas préjudiciable a la
qualité des résultats car les historiques de pression peuvent étre pris en compte lors des simulations



cinétiques. Les expériences en laboratoire ont démontré une excellente reproductibilité des conditions
expérimentales, non seulement pour la température T5 et la pression P5, avec des écarts types
généralement inférieurs a 20 K et 0,15 bar, respectivement, mais aussi pour les historiques de pression.
Ceci est essentiel pour le moyennage ultérieur du signal requis lors de I'utilisation de diagnostics a faible
rapport S/B (signal/bruit) comme ceux du synchrotron.

Le couplage entre le HRRST et les détecteurs i2PEPICO a SOLEIL et a PSl a été réalisé avec succes, bien que
les résultats expérimentaux de la campagne PSI n'aient été que préliminaires et ne soient pas présentés
dans cette thése. L'alignement mécanique entre le HRRST et la station terminale SAPHIRS située dans la
branche A du monochromateur VUV DESIRS au synchrotron SOLEIL a été I'un des principaux défis, ainsi
que la sécurité des opérations du HRRST a l'intérieur de la chambre a vide. Une chambre a vide
différentielle sépare la chambre principale, ol le HRRST est inséré, et la chambre a vide du spectromeétre
de masse DELICIOUS IIl i2PEPICO pour une extraction efficace des produits en réduisant le risque
d'endommager les instruments du spectrométre de masse en cas d'accident ou de dysfonctionnement
(Figure 4.12). L'optimisation de la technique expérimentale a été obtenue de maniere empirique, y
compris la sélection des meilleurs modeéles de buses et du skimmer ainsi que la distance entre eux, pour
des niveaux de pression sdrs a l'intérieur de la chambre du spectrométre de masse pendant le
fonctionnement du HRRST et un faisceau moléculaire de bonne qualité avec des niveaux de signal
suffisants. L'alignement entre la buse HRRST et les skimmers SAPHIRS a également été affiné avec la
conception d'un systeme de serrage et |'utilisation de rails en aluminium de haute précision pour une
insertion/extraction précise du HRRST avec une reproductibilité de I'alignement. Le couplage entre ICARE-
HRRST et la ligne de faisceaux SLS/VUV X04DB est également présenté, y compris les principaux défis et
les développements futurs (Figure 4.18).

Résultats et discussions

Pyrolyse d’éthanol — implémentation de la technique

La premiere campagne expérimentale a SOLEIL s'est concentrée sur la pyrolyse de I'éthanol, le principal
biocarburant actuel. En général, quatre conditions expérimentales comprenant plus de 54 000
expériences ont été examinées, démontrant plusieurs fonctionnalités du couplage HRRST/i2PEPICO dans
une large gamme de conditions de températures (1232 K - 1525 K), de pressions (6,2 bar-7,5 bar), de
concentrations de carburant (0,25%-2,7%), de taux de répétition (1Hz-1,5Hz), et d'énergies de photons
(10,0 eV-11,0 eV). Les données spectrales ont été enregistrées en utilisant le mode d'acquisition de
données pulsé dans des conditions de pré-choc et de post-choc. Pour chaque ensemble de données
expérimentales, des matrices de temps de vol des ions/électrons et des images photoélectroniques
sélectionnées en fonction de la masse ont pu étre obtenues, ce qui a permis d'extraire des spectres de
masse, des profils cinétiques temporels (Figure 5.1) et, en outre, des spectres photoélectroniques
sélectionnés en fonction de la masse (PES), une caractéristique unique pour l'identification des espéces
isomériques (voir Figure 5.2).



Dans le premier ensemble de données expérimentales, environ 15 000 expériences sur tube a choc ont
été réalisées a une température moyenne T5 de 1232 K et a une pression moyenne de 7,4 bar avec une
énergie des photons de 11 eV et une concentration d'éthanol de 2,7 %. Le systéme HRRST/i2PEPICO a été
mis en ceuvre pour obtenir des PES d'une qualité suffisante pour identifier la plupart des principaux
isomeéres produits pendant la pyrolyse de I'éthanol, y compris les concentrations relatives des principales
especes isomériques (voir Figure 5.5). Cependant, les niveaux du signal n'étaient pas toujours suffisants
pour distinguer les especes avec des PES similaires, voir par exemple la Figure 5.3. Certaines améliorations
du signal ont pu étre obtenues afin d'augmenter la résolution de la PES et différentes énergies de photons
ont également été utilisées. Cela a permis d'augmenter la sensibilité de détection pour les espéces
mineures observées dans le spectre de masse. En outre, les profils temporels ont permis de déterminer
les concentrations relatives entre les espéces de masses différentes et les résultats ont été comparés aux
simulations cinétiques utilisant le modele cinétique chimique CRECK avec une bonne concordance (voir
Figure 5.4). Les simulations ont aidé a l'interprétation des résultats expérimentaux, montrant le grand
potentiel de cette technique pour I'étude cinétique de mélanges complexes d'espéeces gazeuses isomeres.

La deuxieme série d'expériences a été réalisée dans des conditions similaires a celles des expériences
réalisées a 11 eV présentées précédemment (T5 = 1234 K et P5 = 7,5 bar, valeurs moyennes, éthanol 2,7
%). Un nombre d'expériences de 27 000 a été obtenu afin d'augmenter le rapport S/N pour les petits
produits. L'énergie de photoionisation a été réduite a 10,0 eV afin de diminuer le bruit de fond d{ aux
fausses coincidences de l'ionisation de I'éthanol et des principaux produits (principalement I'éthyléne) et
de pouvoir capturer les especes mineures, y compris les espéces aromatiques, qui s'ionisent en dessous
de cette valeur énergétique (voir Figure 5.6 et Figure 5.7). Cette série d'expériences a mis en évidence
I'un des potentiels de la technique proposée, a savoir la capacité d'identifier des isomeres spécifiques a
I'intérieur d'un mélange complexe si I'énergie de photons correcte est sélectionnée.

Une troisieme série de 32 000 expériences dans les conditions de réaction suivantes : T5 = 1525 K, P5 =
7,5 bar et éthanol 2,7 % a été réalisée pour tenter d'identifier les produits HAP. La température a été
augmentée pour permettre la production et la détection des espéces de HAP afin de tester les capacités
du systéme HRRST/i2PEPICO sur ces espéces aussi. Méme si le rapport S/B est faible pour les pics mineurs
comme m/z 116 dans la Figure 5.10d, le PES expérimental a permis de réduire autant que possible la
guantité de candidats pour les isomeres, ce qui est également une contribution tres précieuse pour I'étude
de ces mélanges complexes avec des especes de HAP en tres faibles concentrations.

Enfin, la concentration d'éthanol a été réduite de 2,7 % a 0,25 %, car les mélanges fortement dilués sont
généralement préférés pour les études cinétiques. Un ensemble d'environ 9 000 expériences a T5 de 1354
K, P5 = 6,2 bar, a une énergie des photons de 11 eV a été réalisé. Afin de tester la fiabilité de I'utilisation
du systéme HRRST/i2PEPICO pour des concentrations de réactifs aussi faibles, une nouvelle configuration
d'interface d'échantillonnage par faisceau moléculaire a été mise en ceuvre, comme le montre la Figure
4.16. La nouvelle configuration d'échantillonnage par faisceau moléculaire a considérablement réduit le
temps global nécessaire pour obtenir des données spectrales avec un bon rapport signal/bruit, méme
pour des mélanges fortement dilués (voir Figure 5.11). Cette caractéristique particuliere du couplage
unique HRRST/i2PEPICO permet de mieux planifier les campagnes expérimentales ol une large gamme
de conditions peut étre explorée en prétant attention aux ensembles spécifiques qui nécessitent un
niveau de détail plus élevé.



Malgré le caractére innovant des résultats expérimentaux sur la pyrolyse de I'éthanol, deux défis ont été
identifiés afin d'améliorer les capacités expérimentales. Tout d'abord, la nécessité d'obtenir des
ensembles de données quantitatives sur les profils temporels des espéces a été mise en évidence lors de
la premiére campagne a SOLEIL, malgré la valeur des informations qualitatives. Plus précisément, les
mesures quantitatives doivent prendre en compte les variations de pression a l'intérieur de la chambre
du spectromeétre de masse afin de corriger le signal. L'autre probléeme concerne les niveaux de signal PES
limités en mode d'acquisition de données pulsé, méme avec un alignement optimisé. Cette limitation rend
difficile I'identification de plusieurs isomeéres, en particulier pour les espéces mineures comme les HAP.

Méthode d'étalonnage standard externe pour I'analyse cinétique quantitative

Comme indiqué précédemment, les données expérimentales brutes ne pouvaient pas étre utilisées pour
extraire des profils cinétiques a des fins de quantification. Une nouvelle méthode utilisant un étalon
externe est proposée dans ce chapitre pour corriger le signal des variations de pression a l'intérieur de la
chambre du spectrometre, applicable a toute expérience HRRST/TOF-MS. En particulier, la méthode s'est
avérée capable de fournir des profils de concentration pour les expériences HRRST couplées a la
spectrométrie de masse basée sur le rayonnement synchrotron, d'un intérét particulier pour les études
cinétiques chimiques et la validation de modéles. A cette fin, le CO2 a été proposé comme étalon externe
de référence, et deux carburants largement étudiés ont été considérés pour mener cette analyse: le
toluéne et I'éthylbenzene. En ce qui concerne les conditions expérimentales, le mode d'acquisition de
données pulsé a été utilisé, couvrant 8 ms de conditions de pré-choc et de post-choc. Le taux de répétition
était de 1 Hz et I'énergie des photons utilisée pour ioniser les molécules de carburant et le dioxyde de
carbone était de 10 eV et 14,5 eV, respectivement.

Le comportement du signal peut étre formulé en fonction de la section efficace de photoionisation, de la
concentration, du facteur de discrimination de masse, du nombre d'expériences, du coefficient
d'efficacité et d'une fonction de correction des variations temporelles de pression a l'intérieur du
spectrometre de masse, voir |'équation (5.3). Les données spectrales brutes utilisées avec cette
méthodologie contiennent plus de 107 000 expériences moyennées avec 1 % de toluéne dilué dans de
I'argon a T5 et P5 égal a 1362422 K et 6,6+0,2 bar, respectivement. L'évolution des profils temporels des
especes, depuis les espéces légeres jusqu'aux cycles a 5 membres, a été obtenue en utilisant le mode
d'acquisition de données pulsées a une énergie des photons de 10 eV. Pour déterminer si I'historique de
la pression a un effet sur les profils temporels des espéces, 6 042 expériences ont été menées en utilisant
la technique ICARE-HRRST/i2PEPICO avec |'étalon de calibration externe, le CO2 (0,1 % dans I'argon). Pour
que la méthode soit précise, des conditions thermodynamiques (T5 = 1376+12 K et P5 = 6,6+0,1 bar,) et
I'historique de la pression ont été maintenus similaires aux expériences sur le toluéne, mais I'énergie des
photons a été augmentée a 14,5 eV pour permettre l'ionisation du dioxyde de carbone. Les premiers
résultats obtenus en utilisant la technique d'étalonnage avec étalon externe sont présentés dans la Figure
5.13. Les profils de concentration sont comparés aux simulations réalisées avec le modele cinétique
chimique ICARE pour la formation et la croissance des HAP a I'aide du logiciel ANSYS CHEMKIN-Pro 2021,
réacteur a pression variable, suivant le profil de la Figure 5.12a. Il existe un excellent accord global entre
les expériences et les simulations pour la décomposition du combustible et la formation des principaux
produits aromatiques a cycle unique, notamment le benzéne (m/z = 78), le styréne (m/z = 104), le
phénylacétyléne (m/z =102) et un picam/z =91, correspondant au radical benzyle. Les profils des espéces
pour les produits HAP plus importants, tels que I'indéne (m/z = 116) et le naphtaléne (m/z = 128), sont
présentés dans la Figure 5.13d, et les résultats sont tout a fait satisfaisants compte tenu de la complexité



de la chimie impliquée dans la formation des HAP et des incertitudes expérimentales. La méme analyse a
été réalisée pour un combustible plus réactif, I'éthylbenzéne (27 000 expériences, T5 = 1327+18 K, P5 =
6,7+0,2 bar). Comme pour le cas du toluene, un bon accord a été obtenu entre les données
expérimentales et les simulations. Plusieurs parameétres pertinents pour la méthodologie, y compris
I'alignement entre les profils de CO2 et de carburant et le nombre d'expériences, ont été pris en compte
et analysés en termes de qualité des résultats expérimentaux. Dans I'ensembile, il a été déterminé que la
méthode de I'étalon externe est une technique polyvalente pour obtenir des informations cinétiques a
partir d'expériences HRRST/TOF-MS menées dans des synchrotrons, y compris le couplage
HRRST/i2PEPICO.

Pyrolyse du toluéne avec HRRST/i2PEPICO

Les résultats de la premiere étude pyrolytique sur la chimie aromatique utilisant la combinaison
HRRST/i2PEPICO sont présentés dans ce chapitre, démontrant les capacités de la technique, en particulier
en ce qui concerne la détection et la mesure de produits HAP importants. Le toluene (C7H8) a été choisi
comme combustible a cette fin, car il s'agit d'un important composant des combustibles et d'un
intermédiaire lors de la formation et de la croissance des HAP. Cette étude compléte les travaux cinétiques
de la littérature sur la pyrolyse du toluéne en utilisant différents systémes conventionnels de spéciation
tels que le tube a choc/GC-MS [59], [63] et les réacteurs a flux atmosphérique et sub-atmosphérique [95],
[102].

Deux conditions expérimentales sont présentées dans ce chapitre avec les deux modes d'acquisition de
données disponibles pour DELICIOUS Ill. La premiére condition est également celle utilisée pour valider
notre méthode d'étalonnage externe développée pour Il'analyse de la concentration des espéces en
fonction du temps, discutée précédemment. La seconde condition est similaire, avec 0,1 % de toluene
dans l'argon a T5= 1351 + 13 K et P5=6,4 + 0,1 bar, mais une énergie des photons de 8,5 eV a été utilisée
cette fois-ci avec plus de 41 000 expériences. Cette énergie des photons a permis la photoionisation de la
plupart des especes de HAP, ce qui a permis d'obtenir des PES pour des masses plus importantes au
détriment de la détection de la molécule de carburant et de certains intermédiaires (section 5.3.2). En
outre, le mode d'acquisition de données en continu du détecteur i2PEPICO a été utilisé et exploité afin
d'obtenir des niveaux de signal PES plus élevés. Ce mode ne permet pas d'extraire des informations
cinétiques car les informations sont acquises en continu sans référence a l'arrivée de I'onde de choc.
Cependant, des spectres de masse bien définis et des PES plus nets ont été obtenus pour des HAP plus
gros, permettant l'identification d'isoméres qui n'auraient pas pu étre obtenus sans i2PEPICO. Les
résultats du mode pulsé et du mode continu sont présentés parallélement au cours de la discussion.

L'identification par sélection de masse d'un grand nombre de composés d'hydrocarbures aromatiques
polycycliques issus de la décomposition pyrolytiqgue du toluene en utilisant la configuration
HRRST/i2PEPICO a été présentée et comparée aux résultats expérimentaux précédemment rapportés en
utilisant le tube a choc a impulsion unique ICARE couplé a la GC/GC-MS. Cela a été possible grace au
développement d'une nouvelle méthodologie analytique qui met en ceuvre des calculs de chimie
guantique ab-initio sur les caractéristiques spectrales détaillées des isomeéres possibles. Sur la base des
résultats et des connaissances cinétiques actuelles, plusieurs voies communes ont été identifiées,
notamment la voie HACA, I'addition de radicaux stabilisés par résonance (C3H3, C7H7), I'addition du
radical phényle et la cyclisation, la méthylation et I'addition de diacétylene aux radicaux aromatiques. En
outre, la détection de grands produits PAH jusqu'a m/z 426 a été possible, fournissant des informations



qualitatives sur la croissance des grands précurseurs de suie (Figure 5.19). Ces informations constituent
un progres substantiel pour la compréhension des premieres étapes en phase gazeuse de la chimie de la
formation des suies, et completent les données obtenues avec les techniques conventionnelles de
laboratoire en termes d'identification des isomeres et de détection des grosses molécules. Ces nouveaux
résultats illustrent également les capacités de cette technique expérimentale innovante qui ne peuvent
étre atteintes avec des études analytiques réguliéres en laboratoire.

Pyrolyse de I'éthylbenzéne et du styréne avec HRRST/i2PEPICO

Cette étude exhaustive utilisant la technique HRRST/DELICIOUS 111-i2PEPICO a été étendue a d'autres
molécules intermédiaires de suie importantes. Plus précisément, les résultats de la décomposition
pyrolytique de I'éthylbenzéne (C8H10) et du styréne (C8H8) ont été comparés aux données relatives au
toluéne afin de mettre en évidence I'influence de la structure du combustible sur la croissance des HAP.
L'éthylbenzéne est le plus petit des hydrocarbures aromatiques alkylés et un composant important du
combustible, tandis que le styréne a été identifié comme un sous-produit abondant de la pyrolyse de
|'éthylbenzéne et un intermédiaire clé pour la formation de grosses molécules de HAP. En fait, comme
indiqué dans des études précédentes portantsur la pyrolyse de I'éthylbenzene a l'aide d'un tube a choc a
impulsion unique connecté a la GC/MS [66], les réactions du styréne avec le radical phényle (C6H5) jouent
un réle important dans la formation du phénanthréne par la production de dihydro-phénanthréne. Une
étude comparative entre les résultats de I'éthylbenzene et du toluene est présentée sur la base du spectre
de masse afin qu'une analyse qualitative puisse étre effectuée sur l'influence de la longueur de la chaine
latérale sur la distribution des produits pyrolytiques (Figure 5.52). En outre, le styréne a une structure
similaire a celle de I'éthylbenzéne, bien qu'il présente une double liaison dans sa chaine alkyle latérale.
Compte tenu de l'analogie et pour mettre en évidence l'influence de la saturation des liaisons sur la
distribution des produits, les données du styréne sont comparées aux résultats de I'éthylbenzene (Figure
5.66). Cette analyse est essentielle pour comprendre les différentes voies de réaction impliquées dans la
décomposition thermique des différents combustibles, et pour les futurs développements de modeéles
pour la chimie des combustibles de substitution.

Deux conditions expérimentales différentes ont été prises en compte dans |'étude sur la pyrolyse de
I'éthylbenzéne et du styrene. Un ensemble d'expériences a été moyenné en utilisant le mode d'acquisition
pulsé afin de réaliser des profils cinétiques chimiques avec une énergie de photon de 10 eV. Les conditions
sont relativement proches de celles utilisées pour la pyrolyse du toluéene afin d'effectuer des
comparaisons valables. Le méme dispositif expérimental a été mis en ceuvre pour la deuxieéme partie de
I'étude. Une autre série d'expériences a été moyennée en utilisant le mode d'acquisition dit continu a une
énergie de photon de 8,5 eV. Une concentration de combustible de 0,1 % dilué dans I'argon a de nouveau
été considérée pour I'éthylbenzéne et le styréne, et la décomposition pyrolytique thermique a été étudiée
dans des conditions similaires en ce qui concerne le toluene. Les données ont été utilisées pour obtenir
un grand nombre de PES expérimentaux pour l'identification des isomeéres de HAP sur une large gamme
de m/z comme dans |'étude de la pyrolyse du toluéne. Les PES expérimentaux sont ensuite comparés aux
spectres photoélectroniques d'isoméres convolus et aux PES expérimentaux respectifs sélectionnés en
fonction de la masse provenant de la pyrolyse du toluéne (pour le cas de I'éthylbenzéne, par exemple,
comme dans la Figure 5.56) et de la pyrolyse de I'éthylbenzéne (pour le cas du styréne, comme dans la
Figure 5.69) dans des conditions similaires. La comparaison met également en évidence les effets de la
chaine latérale sur la distribution des produits en fonction de I'abondance relative des isomeres et des
contributions a chaque signal PES. Ces nouveaux résultats complétent les bases de données



expérimentales disponibles dans la littérature a partir de techniques conventionnelles en laboratoire,
pour une meilleure compréhension de la chimie complexe des hydrocarbures alkylés et de la pyrolyse du
styréne et la validation de modeéles cinétiques chimiques détaillés pour la chimie des précurseurs de suie.

Pyrolyse du styréne avec HPST/ GC-MS

Une étude comparative entre les techniques de tube a choc basées sur le synchrotron et les techniques
conventionnelles de tube a choc basées sur le laboratoire a été réalisée dans le cadre de cette thése afin
de mettre en évidence la complémentarité des différentes installations. Plus précisément, la premiere
étude pyrolytique sur la décomposition du styrene a l'aide du tube a choc ICARE a impulsion unique couplé
a la GC/GC-MS a été présentée pour des produits allant jusqu'a quatre cycles (profils d'espéces). Les
expériences a impulsion unique ont été réalisées a une température comprise entre 1168 et 1734 K et a
une pression nominale de P5 = 20 bar avec un temps de réaction d'environ 4 ms. La concentration initiale
du combustible est de 92 ppm dilués I'argon.

Les résultats expérimentaux sont accompagnés de résultats de simulation numérique obtenus avec la
version la plus récente du modele cinétique chimique ICARE pour la formation et la croissance des HAP
(voir Figure 5.73). Les simulations ont été effectuées a I'aide du module de réacteur homogene de
CHEMKIN Pro. La complémentarité entre les informations obtenues a I'aide du HRRST couplé au détecteur
i2PEPICO et les résultats obtenus avec des techniques conventionnelles bien établies a été illustrée. Ainsi
les nouvelles données confirment les résultats des études conventionnelles e tout en donnant davantage
d'informations sur la chimie de formation des grandes espéces de HAP. Les résultats constituent une
contribution importante au domaine de la chimie des suies en raison du réle important que joue le styrene
dans la formation des HAP a partir de combustibles réels et de substitution typiques. En outre, ces
nouvelles données, ainsi que les résultats sur le toluéne et I'éthylbenzéne tirés de la littérature,
constituent le point de référence pour la validation du modéle, ainsi qu'une référence pour la
comparaison avec les résultats de la HRRST (Figure 5.74).

Pyrolyse de I'éthylbenzéne et du styréne avec HST/LS

Enfin, les données sur le temps d'extinction du tube a choc/laser de la pyrolyse de I'éthylbenzéne et du
styréne sont comparées aux données précédentes sur le toluéne, et servent, avec les données sur les HAP,
a clarifier les principaux mécanismes liés a la formation de suie a partir de ces combustibles, pour les
futurs développements de modeles cinétiques chimiques, qui font partie des activités en cours du groupe
ICARE. Environ 76 expériences ont été réalisées pour les deux combustibles avec la méme concentration
initiale de carbone [C] que celle utilisée dans I'étude précédente sur la pyrolyse du toluene, ce qui
correspond a des concentrations molaires de 0,0613 % d'éthylbenzene et de styrene dans I'argon. Les
conditions ont été maintenues a une pression nominale de 17,6 bars et la température a varié entre
1560 K et 1942 K.

La discussion est basée sur I'analyse des densités optiques de suie (Figure 5.76). Les délais d'induction
(tind) sont également présentés, fournissant une estimation de la tendance du combustible a former plus
ou moins rapidement les premieres nanoparticules (voir Figure 5.77). Les résultats montrent notamment
gue le toluene a une propension plus élevée a former de la suie que le styrene et I'éthylbenzéne. En
général, deux facteurs influencent la chimie de la suie d'aprés les analyses de données : i) la formation de
radicaux stabilisés par résonance a partir de la décomposition thermique de la molécule de carburant
dans la région a basse température ; ii) le rapport C/H dans la région a haute température. Les ensembles



de données présentés dans la section précédente fournissent des informations essentielles pour
améliorer notre compréhension des différents processus responsables de la formation de suie a partir de
combustibles clés, en fonction des conditions de température et de la structure/chimie du combustible,
et pour I'estimation des parametres cinétiques correspondants.

Conclusions

Afin de développer des modeéles cinétiques chimiques prédictifs ciblant la formation et la croissance des
suies et qui peuvent étre utilisés comme outils théoriques pour la conception des dispositifs de
combustion de la prochaine génération, notre compréhension fondamentale des différents processus
chimiques et physiques connexes doit étre affinée. Des efforts récents pour améliorer les techniques
expérimentales conventionnelles ont permis de mesurer des composés d'hydrocarbures aromatiques
polycycliques (HAP) relativement grande taille, précurseurs des particules de suie, et d'évaluer avec
précision la chimie en phase solide. D'un autre c6té, ces techniques présentent des limites qui ne peuvent
étre surmontées que par des solutions innovantes basées sur des diagnostics modernes.

Le présent travail de thése utilise trois tubes a chocs de différentes échelles couplés a des techniques de
laboratoire et de synchrotron pour étudier expérimentalement la chimie des HAP et des particules de suie
a partir de composants et d'intermédiaires de combustibles réels et de substitution. En particulier, un
nouveau tube a choc miniaturisé a taux de répétition élevé (ICARE-HRRST) a été congu et construit.
L'ICARE-HRRST est capable de travailler a des taux de répétition allant jusqu'a 1,5 Hz, avec d'excellentes
performances en termes de reproductibilité des conditions expérimentales.

L'ICARE-HRRST a également été couplé a des détecteurs de spectroscopie de coincidence
photoélectron/photoion a double imagerie (i2PEPICO) situés dans différentes installations synchrotron
européennes (SOLEIL et SLS). Les premiers résultats de la combinaison HRRST/i2PEPICO ont été obtenus
a SOLEIL sur la pyrolyse de I'éthanol, le principal biocarburant actuel. Des expériences ont été réalisées
pour tester la fonctionnalité de la technique, a différentes énergies de photons, dilutions de carburant et
températures. Pour chaque ensemble de données expérimentales, des matrices de temps de vol
d'ions/électrons et des images photoélectroniques sélectionnées en fonction de la masse ont pu étre
obtenues, ce qui a permis d'extraire des spectres de masse, des profils cinétiques temporels et, en outre,
des spectres photoélectroniques sélectionnés en fonction de la masse (PES), une caractéristique unique
pour l'identification des espéces isomériques.

Les limitations spécifiques du couplage HRRST/i2PEPICO rencontrées lors de la premiére campagne
expérimentale a SOLEIL ont été résolues lors de la campagne suivante axée sur la chimie des HAP issus de
la pyrolyse du toluéne, de I'éthylbenzene et du styrene. Les résultats, obtenus en faisant la moyenne de
plus de 300 000 expériences HRRST, ont été analysés pour obtenir des informations détaillées sur la
chimie de la formation des HAP a partir de la décomposition thermique du toluéne, grace a l'identification
des isomeres des principales especes de HAP sélectionnées en fonction de leur masse. Cela a été possible
grace au développement d'une nouvelle méthodologie analytique qui met en ceuvre des calculs de chimie
guantique ab-initio sur les caractéristiques spectrales détaillées des isomeres possibles. Les résultats ont
permis de déterminer les principales voies de réaction associées. En outre, la détection de grands produits
PAH jusqu'a m/z 426 a été possible, fournissant des informations qualitatives sur la croissance des grands



précurseurs de suie. La comparaison entre les résultats expérimentaux pour les différents carburants a
également été effectuée pour mettre en évidence l'influence de la structure du carburant sur la croissance
des HAP. Dans le cadre du développement de la technique expérimentale, une nouvelle méthode
d'étalonnage standard externe pour les études cinétiques quantitatives utilisant la HRRST couplée a des
systémes de spectrométrie de masse basés sur le synchrotron a également été formulée et développée.

Les expériences synchrotron ont été complétées par des expériences conventionnelles de tube a choc a
impulsion unique pour les mesures des produits stables jusqu'a quatre cycles issus de la pyrolyse du
styréne (profils d'espéces). Ces nouvelles données, ainsi que les résultats sur le toluene et I'éthylbenzene
de la littérature, constituent le point de référence pour la validation du modele, ainsi qu'une référence
pour la comparaison avec les résultats du HRRST. Enfin, les données du tube a choc/laser de la pyrolyse
de I'éthylbenzéne et du styrene sont comparées aux données précédentes sur le toluéne, et servent, avec
les données sur les HAP, a clarifier les principaux mécanismes liés a la formation de suie a partir de ces
combustibles, en vue de futurs développements de modeles de cinétique chimique.



Abstract

In order to develop predictive chemical kinetic models for soot formation and growth that can be used as
part of theoretical tools for the design of next-generation combustion devices, our fundamental
understanding of the different related chemical and physical processes needs to be refined. Recent efforts
in improving conventional experimental techniques have allowed the measurement of relatively large
polycyclic aromatic hydrocarbon (PAH) compounds, precursors of the soot particles, and accurate
evaluation of the solid-phase chemistry. On the other hand, these techniques present limitations which
can be overcome only with innovative solutions based on up-to-date diagnostics.

The present thesis work uses three shock tubes of different scales coupled to both laboratory-based and
synchrotron-based techniques, to experimentally investigate PAH and soot particle chemistry from key
real and surrogate fuel components and intermediates. In particular, a new miniature high repetition rate
shock tube (HRRST) is presented for the first time. Details on the mechanical design and operation are
discussed together with the characterization of its performances. In addition, the coupling between the
HRRST and double imaging photoelectron/photoion coincidence spectroscopy (i?PEPICO) detectors
located in different European synchrotron facilities (SOLEIL and SLS) is described together with the related
challenges.

The first ever results from the HRRST/i2PEPICO combination were obtained at SOLEIL on the pyrolysis of
ethanol, the current main biofuel. Experiments were performed to test the functionality of the technique,
at different photon energies, fuel dilutions, and temperatures. For each experimental dataset,
ion/electron time of flight matrices and mass-selected photoelectron images could be obtained, which
allowed the extraction of mass spectra, time kinetic profiles, and, additionally, mass-selected
photoelectron spectra (PES), unique feature for isomeric species identification.

Specific limitations of the HRRST/i2PEPICO coupling encountered during the first experimental campaign
at SOLEIL were solved in the following campaign focused on PAH chemistry from toluene, ethylbenzene,
and styrene pyrolysis. The results, obtained by averaging more than 300 000 HRRST experiments, were
analyzed to derive detailed information on the PAH formation chemistry from toluene thermal
decomposition through isomer identification of the main mass-selected PAH species. This was possible
thanks to the development of a new analytical methodology that implements ab-initio quantum chemistry
calculations on the detailed spectral characteristics of possible isomers. The main related reaction
pathways are discussed based on the current kinetic knowledge. In addition, the detection of large PAH
products up to m/z 426 was possible, providing qualitative information on the growth to the large soot
precursors. The comparison between the experimental results for the different fuels was also performed
to highlight the influence of the fuel structure on the PAH growth. As part of the experimental technique
development, a new external standard calibration method for quantitative kinetic studies using HRRST
coupled to synchrotron-based mass spectrometry systems was also formulated and developed.

The synchrotron experiments were complemented with conventional single-pulse shock tube
experiments for measurements of stable products up to four-rings from styrene pyrolysis (species
profiles). These new data, together with the results on toluene and ethylbenzene from the literature,
provide the benchmark for the model validation, as well as a reference for comparison with the HRRST
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results. Finally, shock tube/laser extinction time-history data from ethylbenzene and styrene pyrolysis are
compared to previous toluene data, serving together with PAH data to clarify the main mechanisms
related to soot formation from these fuels, for future chemical kinetic model developments.

Keywords: shock tubes, synchrotron diagnostics, nanoparticles chemistry, chemical kinetics, laser
extinction, gas chromatography.
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1 Introduction and motivation

Particulate matter (PM) constitutes one of the most harmful pollutants for human health and the
environment. The presence of particulates suspended in the atmosphere has been undeniably related to
health issues like lung diseases and cancer as well as to global warming. PM is associated to inefficiencies
on energy conversion in thermal engines used in transportation, boilers or turbines for energy production.
Additionally, in the context of transportation, PM can be produced from ‘non-exhaust’ sources like brake
dust and tire/road abrasion [1]. Despite the development of mitigation techniques like particle filters [2],
[3], some projections show a dramatic increase on premature deaths from 1 million worldwide in 2000 to
3.5 million in 2050 due to suspended PM in the air [4]. For this reason, the international regulations on
particulate emissions are becoming more and more stringent, and the development of more efficient and
cleaner combustion devices is an urgent need for modern societies. From a fundamental perspective, a
detailed and accurate understanding of the particulate formation at conditions relevant to combustion
devices is a key element towards the implementation of effective mitigation techniques for reduced
emissions, including design optimization or fuel reformulation with use of additives. In particular, the
carbonaceous core of particulates, called soot, derives from the incomplete fuel oxidation in regions of
the flame where the oxygen concentrations are deficient compared to the carbon concentrations.

As known so far, soot formation is a very complex process that involves several multi-phase, multi-scale
steps starting from the decomposition of the fuel components and subsequent formation and growth of
the multi-ring structures, the so-called polycyclic aromatic hydrocarbons (PAHs) from the single-ring
aromatics [5], [6]. The current soot formation models suggest ‘per se’ a kinetic order of the gas-phase
intermediates to soot including the appearance and evolution of PAHs as shown in Figure 1-1. The
following steps include particle inception with formation of the primary nanoparticles (1-5 nm in size),
one of the main unresolved questions in the combustion field and focus of the major research groups
worldwide. In fact, no consensus could be reached yet regarding basic understanding of the nature of the
soot precursors and their size or the relevance of different physical processes behind the inception
(clustering by physical or ionic forces, PAH bridging, PAH-PAH bonding, reaction-based processes) [7]. The
nascent nanoparticles subsequently undergo surface growth by reaction (similar to gas-phase chemistry
involving PAHs and small intermediates like acetylene) and coagulation by sintering to form larger
particles. Once the particles reach a certain size, they start to agglomerate and form long chains of
hundreds of primary particles with size 10-100 nm. In flames, such agglomerates are finally transported
to regions of the flame where oxygen is present in considerable concentrations and they undergo
oxidation to form the so-called mature-soot.

Literature kinetics studies on soot formation are numerous and they involve experimental investigations
on the soot precursor PAH molecules and solid-phase chemistry of carbonaceous particles in various set-
ups (flames, perfectly stirred rectors, shock tubes, flow reactors, etc), kinetic modeling development and
validation (fuel decomposition, PAH formation and growth, soot inception-growth-oxidation), theoretical
ab-initio calculations mainly focused on the fuel decomposition and only recently on PAH chemistry, and
reactive molecular dynamics simulations. The scope of these investigations is to provide predictive
comprehensive models for particle chemistry to be used in CFD codes and validated against laboratory-
based results. In particular, shock tubes constitute the ideal apparatuses for investigating soot chemistry
at the typical conditions encountered in modern combustion devises [8], [9]. The advantages of shock
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tubes compared to other set-ups include: 1) possibility to obtain any combination of well-defined pressure
and temperature conditions within few microseconds of rise time; 2) homogeneous and adiabatic reactor;
3) the chemistry is dissociated from any fluid dynamic aspect (the gases behind reflected shock waves are
still); 4) possibility to run any dilution condition and in absence of oxygen (essential to isolate the soot
chemistry).
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Figure 1-1. Physical processes involved in soot formation. [5], [6]

Since the appearance of first apparatus which can be considered as a progenitor of modern shock tubes
in 1899 [10], [11], the diagnostics which have been coupled to shock tubes have evolved over time along
with the need of more accurate and comprehensive kinetic results. This need follows the advances in
kinetic modeling as nowadays the kinetic models are able to capture detailed chemistry not only of the
main fuels and products but also of the minor intermediates, including PAHs. One of key factors in
reaching such predictive capabilities lies in the possibility to access computational capabilities and
theoretical methods which, at least for systems constituted by a reasonable number of atoms, can provide
results as accurate as the ones obtained in the experiments [12], [13]. Among the different techniques
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capable to provide detailed kinetic information relevant to soot formation, gas chromatography/mass
spectrometry systems (GC/MS) coupled to shock tubes operated in a single-pulse fashion have been
extensively implemented to detect, separate and quantify a large number of PAHs mainly up to three
aromatic rings [14]. These results are very helpful and fundamental for understanding PAH formation
chemistry but there are some limitations in the technique that make it impossible to be used for large
compounds beyond three-four rings which are interesting for the soot nucleation process. In fact, heavy
species can condense in the lines during transfer from the shock tube to the analytical system, and often,
the identification and separation of isomers is quite challenging due to the similar retention times and
low signals. Other complementary techniques capable to measure time-history species profiles without
the problems related to the physical transfer of the sample to the analytical system include the time-of-
flight mass spectrometry (TOF-MS) with supersonic jet sampling at the shock tube end-wall [15], [16] and
in-situ laser absorption measurements [17]. Despite the remarkable capabilities of these techniques,
there exist some intrinsic limitations especially relative to PAH measurements. For example, the
laboratory-based TOF-MS has reduced sensitivity, inability to distinguish between structural isomers, and
unwanted molecular fragmentation during ionization, while the possibility to detect and measure a
specific species by laser absorption technique depends on its absorption bands and possible interference
with other compounds present in the mixture (which, for the case of large molecule, constitutes an
undeniably unsolvable constrain). Thus, the only conventional shock tube technique capable to
investigate in detail the gas-phase soot precursor molecules is by gas chromatography.

Shock tube techniques have been also fundamental to study particle formation and growth by
implementing laser-based techniques [18]. In this case, the major limitations derive from the interference
of the signal with the fluorescence from the PAH precursor molecules and the low laser intensities.
Indicatively, these experiments cannot detect particles below 10-15 nm. Thus, once again, the processes
between the appearance of the three-ring structures and the presence of relatively large nanoparticles
cannot be monitored.

In addition to the laboratory-based techniques, researchers in the chemical kinetic field have tried to take
advantage of the extraordinary capabilities of particle accelerators-based diagnostics to overcome the
limitations of conventional techniques. This is particularly valid for stationary set-ups like flames,
perfectly-stirred reactors and flow reactors, where the signal can be collected over long-times. On the
other hand, the kinetics of the fuel decomposition and product formation can not be followed but only
inferred from subsequent measurement at different conditions and/or positions in the reactor. Combining
shock tubes with these up-to-date detection techniques would add the advantages of the two set-ups.
Indeed, the experiments at accelerators, such as synchrotron and XFELs, would constitute an extension of
the laboratory-based studies with a level of detail never attained before. Unfortunately, there are several
challenges to be addressed in order to bring a shock tube to a particle accelerator. First of all, these
detectors are very low signal-to-noise ratio detectors [19], [20], which means that averaging over tens of
thousands of experiments needs to be performed in order to get a meaningful signal for non-stationary
conditions as in shock tubes. With conventional shock tubes, each cycle takes approximately one hour
mainly because of the need to replace the diaphragm [21], consequently obtaining around 10 000 shocks
would be required more than 5 years of experiments. In order to shorten the cycle, it is mandatory to
reduce the shock tube size to be able to fill, fire and evacuate in less than one second, ideally. In addition,
space at accelerators is very limited and the small dimensions are a requirement for transportation and
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installation. Recently, a new category of shock tubes, the miniature high-repetition-rate shock tube (ANL-
HRRST), has been developed by R. Tranter at Argonne National Laboratory, specifically for use at
synchrotron facilities, demonstrating great repeatability of the thermodynamic conditions attained in the
shock tube (essential for signal averaging) and reliability of operation [22]. Specifically, the ANL-HRRST
has coupled to synchrotron vacuum ultra violet photoionization mass spectrometry (VUV-PIMS)
demonstrating the potential of these combined techniques [23]. On the other hand, up to now the studies
performed with the ANL-HRRST were not applied to PAH or soot chemistry.

The present thesis work is based on a multi-scale approach for clarifying certain aspects related to the
different steps of PAH and particle formation and growth, with the use of conventional and innovative
shock tube techniques. In particular, the term “multi-scale” not only refers to the different experimental
conditions employed in the various installations (mainly in terms of fuel concentrations and reaction
times), but also to the physical sizes of the shock tubes. In fact, one of the main goals of the work is to
design, build, develop, and characterize a new miniature high-repetition-rate shock tube (ICARE-HRRST),
the first in Europe, for use at Synchrotrons to complement the experimental capabilities of the laboratory
ICARE which already includes several conventional shock tubes. The ICARE-HRRST was then coupled for
the first time to an advanced synchrotron-based diagnostic, the double imaging photoelectron photoion
coincidence spectroscopy (i?PEPICO) [24], with the goal of studying PAH chemistry in pyrolytic, high-
pressure environments. i?PEPICO is one of the most advanced techniques capable to solve for complex
mixtures of PAH isomers, as demonstrated in previous studies on flames and flow reactors [25]-[27].
Therefore, applying i?PEPICO to study PAH formation at relevant engine-like conditions has the potential
to unravel the complex chemistry that links the formation of small PAHs and the inception of carbonate
nanoparticles and help to resolve existing long-standing controversies over the mechanisms involved. The
first studies with i’PEPICO/HRRST will also be presented, including results on pyrolysis of key fuel
components and crucial intermediates in the formation of soot nanoparticles like toluene, ethylbenzene,
styrene, and ethanol.

To complement the measurements at the synchrotron facilities with experiments performed with large-
scale conventional shock tubes, the formation of small polycyclic aromatic hydrocarbons (up to three-
rings, single-pulse shock tube) and carbonaceous nanoparticles (laser-based techniques) from different
fuel intermediates such as ethylbenzene and styrene was considered. The different type of data will be
analyzed based on the specific characteristics of the installations. These results will extend the previous
works in the laboratory concerning PAH and particle chemistry from a variety of aromatic fuels and
mixtures with small aliphatic intermediates, as part of the European Starting Grant FUN-PM.
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2 Literature review on pyrolytic soot formation kinetic studies

In this chapter, a review of experimental studies related to soot formation chemistry is presented, while
the oxidation studies with flames, jet-stirred rectors, etc. are beyond the scope of this work.

The first part will focus on the chemistry of PAH formation and growth. In particular, previous results
obtained coupling conventional shock tubes to different diagnostic techniques like mass spectrometry
and gas chromatography will be analyzed with particular focus on the corresponding capabilities with
respect to the detection and quantification of gaseous aromatic molecules and multi-ring species.
Subsequently, a brief overview of miniature shock tubes at synchrotron facilities, as implemented before
the present thesis work, will be reported together with the future needs. Other experimental set-ups,
including flow reactors, will also be considered in this section.

Finally, a review on solid soot measurements using shock tubes with laser-based extinction techniques
applied to the decomposition of well-known hydrocarbon fuel molecules and surrogates will conclude the
chapter.

2.1 Chemistry of gas-phase soot precursors

The brief description presented in the chapter 1 highlights the central role of the chemistry involved in
the formation and growth of PAH intermediates as building blocks for the nascent particles and factors
for the particle growth. Thus, the understanding on the formation and growth of these PAH molecules is
crucial and it strongly affects the accuracy of the entire soot formation model. Unfortunately, the PAH
chemistry is still not well understood because of the large number of possible reaction pathways and
mechanisms [28] and limitations in experimental and theoretical techniques [29]. One of the most
accepted mechanism is the hydrogen-abstraction carbon-addition scheme (HACA) where several
acetylene (C;H;) additions on radical sites lead to ring structure and PAH growth [30]. For instance, two
hydrogen abstractions and two acetylene additions in different adjacent sites can lead to the formation
of the naphthyl radical (CioH5, radical of naphthalene) from a single-ring molecule like benzene (CgHs). The
naphthyl radical (Ci0H7) can react with a hydrogen atom to form naphthalene or with another acetylene
to form directly acenaphthylene (Ci2Hs) or ethynylnaphthalene (Ci0H;C;H). Following the same pathway,
the HACA mechanism can lead to the formation of the three-ring structure phenanthryl radical (Ci4Ho)
from ethynylnaphthalene, subsequently to phenanthrene (CisHio) or larger four-ring structures from
reactions of the phenanthryl radical with H or C;H,, respectively. Similar mechanisms are also involved in
the solid-particle growth. The HACA mechanism relies on the stability of acetylene at the high-
temperature flame conditions, and it is limited by the concentration of the species in the combustion
environment.

The HACA mechanism is still one of the main pathways in many practical applications, although several
experimental and modeling studies in the past showed how its implementation as unique growth process
is unable to predict the correct growth rate especially for large PAHs (i.e. [31], [32]). For example, Miller
et al. [33] and Marinov et al. [34] found in the 90’s that the HACA mechanism is too slow in relation to the
experimental results. As alternative, they proposed a mechanism to describe the fast growth of complex
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large molecules based on the addition of resonantly stabilized radicals. These studies were supported by
previous investigations where the role of the main resonantly stabilized radicals was highlighted, such as
the recombination of cyclopentadienyl radicals to form naphthalene [35], of indenyl radicals to form
CisH1z isomers [36], the benzyl radical with the propargyl radical to the second-ring structure [37], and the
clustering of hydrocarbons by radical-chain reactions (CHRCR) [38]. The resonantly stabilized radicals
include propargyl (CsHs), allyl (CsHs), cyclopentadienyl (CsHs), benzyl (CéHsCH2) and indenyl (CoH5).

Other important PAH growth mechanisms involve the reactions between aromatic radicals and aromatic
molecules, accompanied by hydrogen abstraction and cyclization, the so-called reactive coagulation [39]—
[41]. This is a generalization of the reaction between phenyl radical and benzene as observed relevant to
PAH formation in previous investigations [34], [42]. Recently, Shukla and Koshi [43], [44] have re-proposed
such mechanism with a slightly different name, as the phenyl addition cyclization (PAC). The same authors
have also proposed the so-called HAVA mechanism [45] involving C;H; radicals, but the efficiency of such
mechanism at combustion-like conditions is limited by the short lifetime of the radical. Additional
proposed growth mechanisms include the methyl addition/ cyclization (MAC) as reported by several
authors [46]—[49] whose contribution though is not as effective as the previously mentioned cases due to
the low molecular mass of the methyl radical, and the diradical cycloaddition fragmentation (CAF) [50]-
[53], relevant mainly for certain pyrolytic fuel reactions.

In pyrolysis of real fuels, these growth mechanisms will occur at the same time with relative importance
dependent on the fuel structure and the thermodynamic conditions (pressure and temperature). The
laboratory-based investigations allowed the identification of such mechanisms and the development of
detailed chemical kinetic models able to reproduce the experimental observations.

2.1.1 Shock tubes coupled to gas chromatography/mass spectrometry

Speciation studies using shock tubes are first analyzed, including the advances made on the development
of the up-to-date analytical systems which nowadays allow to detect, identify, and quantify a large
number of molecules withdrawn from the shock tube after the reaction time at conditions encountered
behind the reflected shock waves. In order to achieve the separation and identification of the different
compounds, methods like gas chromatography / mass spectrometry (GC/MS) are typically used. In recent
experimental investigations, the direct connection between shock tubes and GC systems have been
highlighted as the optimal solution for accurate sample recovery [14]. The possibility to use resin trapping
methods for detection of absorbed species could also be considered and it is expected to provide
qualitative information on the large species product distribution [14]. The GC/MS raw data are further
processed offline and they constitute precise quantitative information on chemical kinetics pathways that
yield to the formation of PAHs. In particular, many of the previous studies on pyrolytic chemistry applied
to soot formation involve the thermal decomposition of aromatic hydrocarbon molecules. Aromatic
molecules are present in real fuels and fuel surrogate, as well as formed as intermediates in the molecular
growth towards the solid particles. Thus, a detailed understanding of the pyrolytic decomposition of these
precursor molecules at engine like conditions represents an important step in understanding also the PAH
formation processes.
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In order to clarify the pyrolysis mechanisms of aromatic molecules like benzene (C¢Hs) and toluene (C7Hs),
in year 1982, Kern et al. reported product profiles from the decomposition of these important soot
precursor molecules using a shock tube coupled to time-of-flight mass spectrometry (TOF-MS) [54]. The
gases eluted through a nozzle of an orifice of 0.1 mm diameter and 1 mm apex entering the ionization
chamber. The mass spectrum range of these experiments covered m/e 12-300. The peak heights of each
product was converted to concentrations by making use of calibration plots obtained with peak height
ratios of compounds with known concentrations and under no reactive conditions. Typical observation
time was between 700 us and 1000 us and reflected shock conditions were variated from 1400 K to 2200
K by using helium as driver gas and from 2200 K to 2600 K by using H; driver gas, in a pressure range of
0.21-0.57 atm. With this configuration the authors were able to measure species up to CgH; and for the
case of benzene and toluene decomposition, the major detected products were acetylene and
polyacetylenes. The technique did not allow to detect PAH molecules. For the case of butadiene, it
produces small concentrations of benzene who decomposed to form acetylene and polyacetylenes. By
applying carbon balance, the study showed that the maximum soot yield reported in previous literature
investigations with laser extinction-shock tube experiments should have been less than 10% for toluene,
compared to the previously reported value of ~ 80% [55], [56].

Similarly, between 1986 and 1987 Pamidimukkala et al., performed pyrolytic high temperature shock tube
experiments on toluene (C;Hs) and ethylbenzene (ETB-CgH1o), the simplest methyl- and alkyl-substituted
aromatic molecules [57], [58]. The experiments were carried out at very low pressures ranging between
0.2 and 0.5 atm. In the work on toluene [57], Pamidimukkala at al. used time-of-flight mass spectrometry
(TOF-MS) to detect and identify major species like acetylene (C;H,), diacetylene (C4H;), methane (CHa),
and benzyl radical (C;H7), along with smaller amounts of ethylene (C,H,), triacetylene (C¢H,), and benzene
(CsHe) in a range of temperatures 1550-2200 K. Compared to toluene pyrolysis, ETB decomposition starts
at lower temperatures (range of 1350-2080 K) and the major products reported are toluene (C;Hs), benzyl
(CH4), benzene (C¢Hs), diacetylene (C4H,), ethylene (CoH4), acetylene (CoH;) and methane (CH.); styrene
(CsHg) was detected as a minor product. Once again, no PAHs could be detected.

In 1996, Laskin and Lifshitz studied the pyrolytic decomposition of benzene (CsHs) behind reflected shock
waves by using a single-pulse shock tube in the temperature range of 1400-2000 K, pressure around 5
atm, and reaction time of 2 ms [59]. The gas sample was withdrawn and sent through a heated injection
system to a gas chromatograph operating with flame ionization detectors (FID). Both, the shock tube and
the transmission system were heated at 150 °C in order to avoid condensation of heavy PAHs. The
identification of reaction products was done by analyzing the GC retention times while the concentrations
were determined by integrating the GC peaks relatives to benzene from standard mixtures. In this work
the authors could detect small molecules and aromatic products like acetylene (CzH.), diacetylene (C4H,)
and phenylacetylene (CsHs) until biphenyl (Ci2Hio), the main two ring molecule produced from the
recombination of two aromatic rings. The experiments were used to develop a kinetic mechanism which
contains 15 species and 22 reactions reproducing the experimental species profiles.

Later, in 2006, Sivaramakrishnan et al. also performed single-pulse shock tube experiments of benzene
pyrolytic decomposition (65-800 ppm in argon) but at higher pressures of 30-50 bar and temperatures in
the range 1200-1800 K [60]. After reaction times of around 1.2-1.5 ms, the stable species were sampled
though heated lines using a gas sampling valve and stored in heated vessels for subsequent off-line
analysis using GC techniques. Only species profiles for the fuel decay and primary products like C;H; and
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C4H; were obtained but no PAH molecules. This is mainly due to the loss of heavy species during transfer
to the analytical set-up.

In the same year, Sivaramakrishnan et al., also performed high pressure shock tube experiments on
pyrolytic decomposition of toluene (below 100 ppm in argon), one of the most abundant aromatic
component of commercial and jet fuels [61], [62]. The tests were done using the same single-pulse shock
tube-GC/MS system used in the previous benzene study in a temperature range of 1200-1900 K and high
pressures (27-45 bar). These experiments allowed to detect and quantify a variety of stable species
ranging from small hydrocarbons to principal single and two-ring aromatics like phenylacetylene (CsHg)
and indene (CoHs). With experimental data obtained in this work, a detailed kinetic model for toluene
pyrolysis was developed including the decomposition chemistry of the benzyl radical. This model was
validated against the stable species profiles of toluene (C;Hs), benzene(CsHg), and methane (CH,) as well
for key soot precursors as C;H, (acetylene), C4H; (diacetylene), phenylacetylene (CsHg), and indene (CgHs).
Toluene pyrolysis was also the target of the previous work by Colket and Seery in 1994 [37]. The authors
carried out experiments in a single-pulse shock tube at approximately 10 atm, temperatures ranging from
1200 to 1850 K for a mixture of 1% toluene diluted in argon and residence times near 600 us. These
relatively-high fuel concentrations resulted in production of large mole fractions of PAH intermediates
detectable by GC. The shock tube was connected to the GC system through a transfer line heated up to
150 °C to avoid condensations and products up to pyrene (CisHio) could be measured. More than 50
individual peaks were identified in this work and a detailed chemical kinetic model was developed to help
clarify uncertain ring growth kinetic sequences. The author stated that concentrations for larger PAHs may
be in error by a factor of 2, but they did not discuss the effects of soot production (expected at these fuel
concentrations) on carbon balance and PAH measurements.

Recently, Comandini et al. re-designed the analytical set-up and the “on-line” coupling with the high
pressure single-pulse shock tube (HPST) present at the University of Illinois at Chicago to be capable to
perform measurements of PAHS down to sub-ppm levels [14]. This is essential in order to perform studies
at very low initial fuel concentrations which limit soot formation keeping on the other hand the possibility
to detect minor products as the PAHs. The species calibration curves were inferred by a combination of
analyses of standard liquid samples and measurements of the reference molecule naphthalene both in
gas-phase and in liquid solution. The estimated errors in the measurement of species up to naphthalene
(C10Hs) were between 5-10%, 15-20% for C12 hydrocarbons, 20-25% for C14 and for larger compounds
up to four rings was as high as a factor of 2. The system was implemented to study the pyrolytic reactions
of the phenyl radical also in the presence of acetylene [63]. Speciation measurements were obtained at
typical conditions found in modern combustion devices over a pressure range of 25-50 atm and
temperatures of 900-1800 K, with initial fuel mole fractions between 25 and 100 ppm. Both small
hydrocarbon products including single-ring aromatics and a large variety of multi-ring PAH compounds
were measured as a function of temperature. In this case, for the higher dilution conditions, the carbon
recovery was higher than 90% at all temperatures. These results contributed to clarify the role of several
reaction pathways, established and new ones, involved in the formation and growth of PAHs. In particular,
modelling suggested that formation of PAH is strongly influenced by benzyne chemistry and the reactions
involving the o-benzyne diradical.

The same experimental set-up was subsequently used for various studies, including the pyrolysis of an
important component of surrogates for jet fuels, n-propylbenzene (CsHi2) [64]. The temperature range
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was 1027-1678 K at a nominal pressure of 50 atm and initial fuel mole fractions below 100 ppm. The
authors measured a large number of PAHs, from the major species indene (CoHs), naphthalene (CioHs),
anthracene/phenanthrene (CizH10) and acenaphthylene (Ciz2Hs), to smaller products relevant to the fuel
molecule, including 1-ethynylnaphthalene (CioHg), bibenzyl (CisHi4), methylfluorene (CisHi2),
diphenylacetylene (Ci4H10), methylanthracene (CisHi2), phenylnaphthalene (CigHiz), 0-, m-, p-terphenyl
(CisHia) and acenaphthylene (CizHs). The reported kinetic model presents good agreement with
experiments for the fuel decay as well as the formation of the major aliphatic, monoaromatic and PAHs
as a function of the reaction temperature.

A similar analytical system was subsequently reproduced at the laboratory ICARE-CNRS as part of the ERC-
Starting Grant FUN-PM with additional modifications to improve the accuracy of the measurements.
Specifically, the ICARE high-purity single-pulse shock tube has been lately modified to work in a single
pulse fashion by adding a dump tank, with an additional gas sampling valve that allows withdrawal of gas
samples and subsequent transfer through a heated line to the analytical system. The transfer line is usually
heated to 150 °C and the shock tube is heated up to 90 °C. The analytical system is composed of two gas
chromatographs, one specifically designed and developed at ICARE to measure PAHs with an external
oven heated to 300 °C to avoid condensations, the second used to measure light species. A DSQ mass
spectrometer is also connected to the transfer line and used to help the identification of the PAH products.
Direct calibration in gas-phase was also extended up to the three-ring species, with errors of the order of
10% even for these large molecules. Difficulties still remain for the measurement and identification of
larger species, although detection and identification of several four-ring structures, including
fluoranthene, pyrene, chrysene, is possible. These difficulties depend on the species condensation and
the impossibility to perform a gas-phase calibration.

Recent studies implementing this set-up include pyrolysis of a large number of aromatic compounds, such
as toluene, phenylacetylene, benzene, C8-C10 linear alkylbenzenes and xylene isomers [65]—[68], straight-
chain alkane n-heptane[69], cycloalkenes like cyclopentene and its mixtures with acetylene[70],
intermediates like propene and propyne [71], and mixtures of key aromatics (benzene, toluene,
phenylacetylene) with small C2 and C3 compounds [67], [71]-[74].The experiments were all performed at
a nominal pressure of 20 bar and initial fuel concentrations between 100 and 500 ppm. A comprehensive
and detailed PAH predictive model was developed and optimized based on the experimental results of all
these fuel components and mixtures with the goal of probing a large number of kinetic pathways. The
experimentally validated model was used to improve our fundamental understanding on the chemistry
involved in the formation of these intermediates.

Future work should be addressed to extend this analysis and study to larger gas-phase intermediates, with
the goal of filling the gap between the appearance of the three-ring structures and the particle inception.
This is particularly challenging for a system where the gas sample needs to be physically transferred to
the analytical system as the case of the single pulse shock tube with GC and GC/MS. In addition, the isomer
selectivity of these instruments is limited, while it is impossible to detect and measure radicals. The
implementation of a new innovative set up based on synchrotron-based detectors for PAH studies will be
presented in this thesis.
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2.1.2 Shock tubes coupled to synchrotron light-based diagnostics

The synchrotron-based techniques are routinely used to selectively identify the components of complex
mixtures including isomers as synchrotron light offers easy and wide tunability, high resolution of the
mass spectra, and high photon fluxes. These are considerable advantages over conventional techniques
[75], [76]. For instance, because molecular electronic transitions are induced when UV/Vis radiation
interacts with gas-phase dilute matter found in nature, several VUV beam lines have been constructed
and coupled to different diagnostics. For example, the synchrotron vacuum ultra violet photoionization
mass spectrometry technique (SVUV-PIMS) has been extensively used in astrophysics, chemistry and more
specifically to probe combustion chemistry [77][75], [76]. SVUV-PIMS has the advantage of minimizing
fragmentation interference compared to conventional TOF-MS apparatuses that use high energy electron-
impact ionization, where high signal levels are obtained but with limited isomer selectivity [78]. On the
other hand, signal levels from synchrotron detectors are very low and signal averaging needs to be
performed to get sufficient signal-to-noise (S/N) ratios. This is of course particularly challenging in kinetic
studies such as the ones performed with shock tubes compared to stationary reactors.

Recently, high-temperature and high-pressure pyrolytic studies have been published using the new
generation of high repetition rate shock tubes (HRRST) developed by Tranter et al. at Argonne National
Laboratory (ANL) in 2013 [22]. These shock tubes were specifically designed for use at synchrotron
facilities demonstrating great repeatability of the experimental conditions. The authors reduced the shock
tube size by minimum a factor ten compared to conventional shock tubes, as the internal diameter was
designed at 6.35 mm while the length at 687 mm. Transportation and mounting at synchrotron beamlines
could be possible. More importantly, reduced shock tube size and automated operation were mandatory
requirements in order to physically be able to reduce the cycle operation time, run thousands of
experiments for signal averaging, and optimize the limited beam time available for SVUV-PIMS
measurements. The ANL-HRRST can operate up to 4 Hz, 4 shock every seconds, compared to 1 shock per
hour in conventional shock tubes.

The miniaturized ANL-HRRST was coupled with VUV-PIMS at the Advanced Light Source (Lawrence
Berkeley National Laboratory), trying to exploit the capabilities of this technique [22]. The end part of the
driven section, equipped with a nozzle of 0.03-0.07 mm diameter orifice, was aligned to a 2 mm orifice
skimmer allowing a molecular jet flowing into the ionization chamber of the TOF-MS where it was
intersected by the VUV light. In this work, Tranter et al. presented two mass spectra of dimethyl ether
(C2He0) pyrolysis obtained from averaging over 1500 experiments at temperature of 1530 + 50 K and
pressure of 8 + 0.5 bar with a photon ionization energy (IE) of 10.5 eV. One of the mass spectra was
obtained for pre-shock conditions and the other at post-shock conditions with very weak signal levels.
They attributed this to the long distance between the nozzle and the skimmer which reduces the jet
density. This distance was chosen, in fact, in order to minimize the pressure build up in the vacuum
chamber and avoid damages to the mass spectrometer. Despite these limitations, comparison between
the two mass spectra showed how dimethyl ether (C;HeO) dissociates to compounds with mass over
charge ratio m/z 15 which corresponds to methyl radicals (CHs), m/z 30 which is likely a combination of
ethane (C;Hs) and formaldehyde (CH,0), m/z 28 which corresponds to ethylene (C;H4), and m/z 26
(acetylene, C;H,), products mainly derived from the recombination of methyl radicals [79], [80].
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A more extended study on dimethyl ether pyrolysis (2% CH3sOCHs/Ar) was reported by Lynch et al. in 2015
using the same ANL-HRRST at temperature range of 1400-1700 K, and pressure 3-16 bar with ionization
energies between 10 and 13 eV [23]. Despite the low signal levels, the authors were able to well resolve
product species and radical intermediates when averaging over hundreds of shocks. In particular, they
were able to detect the same species reported by Tranter et al. [22] with the addition of diacetylene
(C4H;), methane (CHa4), and certainly propargyl radical (CsHs). The authors also included time profiles for
some of these species although not quantitative.

In 2020 and 2021, works performed by Randazzo et al. [81] and Banyon et al. [82] applied the same ANL-
HRRST/VUV-PIM configuration to explore reactions mechanisms involving radicals, the four butyl radicals
and the propyl radical, respectively. In order to increase S/N levels, this time the authors increased the
nozzle orifice diameter from 0.070 mm to 0.2 mm, reduced skimmer diameter from 2 mm to 0.2 mm and
reduced separation between nozzle and skimmer from 4 mm to 2 mm, keeping a distance of ~10 times
the diameter of the nozzle orifice. The authors also highlighted how a short distance between the skimmer
and the ion source minimizes the molecular beam diameter in the ion source leading to increased
sensitivity and reduced mass discrimination effects as described by Cool et al. [19]. In the study by
Randazzo et al. [81], experiments were performed at 805 K and 8.7 bar, being able to detect iso-butyl
radicals (C4Hs) and masses up to m/z 72 with relatively good signals, while Banyon et al. [82] obtained
product analyses to probe the decomposition mechanisms of n-butyl nitrite (n-C4HsNO3) and isobutyl
nitrite (i-C4HsNO,) at elevated temperatures and pressures (600—900 K and 5-8 bar). They were able to
detect n-propyl (n-CsH;) and iso-propyl (i-CsH;) radicals and their precursors, providing relevant
experimental information to support pyrolytic reactions of these radicals. Banyon et al. also presented
identification of some isomers by using photoionization spectra, not possible in conventional laboratory-
based techniques [82].

Same procedure was implemented in the last work reported using the ANL-HRRST set-up by Sikes et al.
[83] on styrene (CsCs) pyrolysis, using the same technique but with different temperature and pressure
ranges (1660—-2260 K, 11 bar). Photoionization spectra was useful to identify styrene decomposition
products like diacetylene (C4H), triacetylene (C¢H:), benzene (C¢Hs), and phenylacetylene (CsHs)
demonstrating the efficiency of VUV-PIMS technique.

Despite the great qualities of the HRRST/VUV-PIMS coupling, as the number of possible isomers grow, the
capability of fitting a photoionization spectrum to identify and quantify complex mixtures of isomers may
become challenging in view also of the low signal-to-noise ratios, and more sensitive and/or accurate
methods have to be employed to overcome this limitation. Compared to photoionization mass
spectrometry (PIMS), photoelectron photoion coincidence spectroscopy (PEPICO) and double imaging
photoelectron photoion coincidence spectroscopy (i?PEPICO) can provide more detailed information of
the molecular and electronic structures of species. PEPICO was proposed for the first time by Brehm and
von Puttkammer in 1967 [84], [85] and it is a combination of photoelectron spectroscopy [86] and
photoionization mass spectrometry. The enhanced capabilities of these techniques derive from the fact
that both the ion kinetic energies and the corresponding electron kinetic energies are measured, from
which the total energy of the parent molecules can be derived and consequently the mass-selected
photoelectron spectra (PESs) [76]. Photoionization efficiency curves (PIE), which are constructed from
PIMS information to identify molecules, can be derived by integrating a specific PES, making PIM and PES
very powerful and complementary techniques. However, PES offers much more sensitivity and selectivity
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for each m/z, since it is like an improved fingerprint for each molecule (compared to PIE) as it is linked to
the different vibrational states, represented by sharp peaks. This allows excellent isomer identification
capabilities. Double imaging photoelectron photoion coincidence spectroscopy, available in very few
synchrotron VUV beamlines [24], [87], [88], is one of the most advanced diagnostic technique capable to
solve for complex mixtures of PAH isomers.

Photoelectron spectroscopic studies of relevant PAH intermediates have been carried out with these
techniques by direct injection of the species into the ionization chamber [25]-[27]. Additionally, several
studies characterizing PAH chemistry have been conducted using steady state reactors like flat premixed
flame burners [89], catalytic pyrolysis reactor [90], low pressure premixed sooting flames [91] and
pyrolysis hot tube microreactor [92] demonstrating the impressive capabilities of the technique. The
method is anyway dependent on the availability of photoelectron spectra of each pure isomer and, for
guantification, of their photoionization cross sections (PICS), which are usually obtained from very scarce
PIMS experiments or not accurate estimations. However, there has been significant progress on
theoretical methods based on quantum chemistry to the calculation of PICS [93]. Regarding the
photoelectron spectra, these can be derived: i) by measurements obtained with pure compounds; or ii)
from high-level ab initio quantum chemical calculations and Franck-Condon (FC) simulations, in order to
get high-quality theoretical PESs.

Double imaging photoelectron photoion coincidence spectroscopy (i?PEPICO) has never been exploited
using synchrotron-based shock tube techniques, placing the present thesis as the first one presenting the
implementation of the coupling between these two powerful techniques [94]. In particular, the goal of
the present work is to develop a tool for accurate kinetic measurements of large gas-phase intermediate
products relevant to soot nanoparticle formation, to complement the measurements conducted at the
laboratory scale on PAH formation and soot inception and growth.

2.1.3 Pyrolytic PAH chemistry in other experimental set-ups

In the previous two sections the works performed with shock tubes on high-temperature gas-phase
reactions were presented. However, there are other experimental setups that have been also employed
to study pyrolytic PAH chemistry. Among them, flow reactors and jet stirred reactors coupled to different
analytical methods have been widely used to study key reaction mechanisms related to the formation and
growth of soot precursor molecules. In this section, some of these experimental studies and the insights
that have been gained through the use of these reactors with different aromatic fuels will be briefly
presented. A detailed list of these studies is presented in Table 2-1.

One of the first experimental works to study PAH formation at pyrolytic conditions was reported in 1965
by Hou and H. B. Palmer [95]. The authors used a heated flow system connected to a vapor fractometer
to probe benzene thermal decomposition and identify the related products. One of the main conclusions
of this work was that biphenyl is produced at low temperatures during benzene decomposition. Later on
in 1979, R.D Smith [96] used quartz and tungsten Knudsen cells to study toluene pyrolysis at low pressures
using electron-impact ionization (EI) mass spectrometry (MS) finding that at higher pressures C1-C7
products will form heavy compounds up to CxoHi2. Subsequently, in a study by Bruinsma et al. (1988) [97]
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a coiled tube reactor coupled to GC was used to investigate the pyrolytic decomposition of a number of
aromatic fuels including benzene, toluene, ethylbenzene, styrene, phenylacetylene. The authors
highlighted the importance of the dimerization reactions through radical intermediates at temperatures
below 1100 K while above 1200 K the addition of acetylene and benzene plays an important role in the
increase of C/H ratio of the produced species.

Between 2007 and 2012, Shukla et al. published works using flow reactor coupled to VUV-SPIMS to
investigate toluene/acetylene pyrolysis [98] and benzene/acetylene pyrolysis[43] and toluene/benzene
pyrolysis [99]. The authors were able to detect PAH species up to m/z 522 (C42H1s), m/z 454 (CseH,2) and
m/z 304 (CxuHie) for toluene/acetylene, benzene/acetylene and toluene/benzene, respectively,
suggesting possible mechanisms for the formation of these species. Specifically, the efficiency of phenyl
addition cyclization (PAC) mechanism in PAH growth [43], [99] compared to HACA was proposed. Shukla
et al. [45] also reported experiments using a quartz reactor tube coupled to a linear TOF-MS to probe
acetylene and ethylene pyrolysis, two significant intermediates which are PAH promotors. The authors
pointed two main mechanisms for PAH growth: addition of acetylene/ethynyl (C,H,/C,H) (HACA) during
acetylene pyrolysis and addition of ethylene/vinyl radical (C;H4/C;H3), known as HAVA, for ethylene

pyrolysis.

These studies provided insights into the reaction pathways and mechanisms involved in the formation
and growth of PAHs. However, due to the lack of possibility to identify the detected species isomers, more
recent works have been carried out in order to overcome the limitation of the techniques. Among the
most recent pyrolysis studies using flow reactors are the ones where the reactor is coupled to VUV
beamlines in synchrotron light facilities.

For instance, between 2009 and 2020, Zhang et al. has employed flow reactor coupled to synchrotron
VUV-PIMS to investigate the pyrolysis of toluene [100], [101] and butylbenzenes [102]-[104] detecting
species up to m/z 202 (CieH1o), including radicals up to m/z 165 (Ci3Hs). Speciation profiles are presented
from indene CgHs (m/z 116) up to bibenzyl Ci4H14 (m/z 182) suggesting relevant decomposition pathways
and PAH formation and growth mechanism.

Similarly, flow reactor coupled to SVUV-PIMS is used by Yuan et al. as found in literature between 2015
and 2021 on the pyrolysis of toluene [105], [106], ethylbenzene [107], n-propylbenzene [108] and o-
xylene [109]. A series of PAH compounds were detected in the serial work of Yuan et al. starting from
indene. Pyrene (CigH10, m/z 202) speciation profiles was reported in o-xylene and toluene pyrolysis while
chrysene (CigH12, m/z 228), was detected and quantified in toluene pyrolysis helping to the elaboration of
validation of a chemical kinetic model [106].

In recent works by Jin et al, a flow reactor coupled to SVUV-PI-MBMS has been used to investigate PAH
pyrolysis chemistry of indene [110] and a-methylnaphthalene[111], [112]. The researchers found the
dominant PAHs in the indene pyrolysis up to m/z 230 (CigH14) attributing it mostly to 3,3-bi-indene. The
experimental results were used to validate a chemical kinetic model that was updated later with the
results on a-methylnaphthalene pyrolysis. In the experiments the sum of the mole fractions of m/z 282
(Ca2H18) and m/z 156 (C12H12) was comparable to the monocyclic aromatic (MCA). The authors considered
in the model two isomers for each mass associating methyl-(naphthyl-methyl)-naphthalene and
dinaphthyl-ethane to m/z 282 while dimethyl-naphthalene and ethyl-naphthalene to m/z 156.

26



Table 2-1. List of pyrolytic studies on PAH chemistry using experimental set-ups different to shock tubes

Author/year Fuel System Temperature Pressure Residence
time

Hou and H. B. Benzene Flow reactor/ vapor 1173-1523K 735 £ 5 torr 20-250 ms
Palmer fractometer
(1965)[95]
R.D. Smith Toluene Quartz-tungsten <1800 °C 10°to 1torr -
(1979)[96] Knudsen cells/ MBMS
Bruinsma et al. Benzene, toluene, Coiled tube reactor/ 900-1250 K - 5s
(1988)[97] ethylbenzene, GC

styrene,

phenylacetylene, n-

decane
Shukla et al. Toluene, Flow reactor/ VUV- 1136-1507 K 8.15-15.11 0.56s
(2007-2008)[98], toluene/acetylene, SPIMS Torr
[99] toluene/benzene
Zhang et al. Toluene Flow reactor/ VUV- 1270-1870 K 10 Torr 0.22-0.29
(2009-2010) MBMS / VUV-PIMS ms
[100], [101]
Shukla et al. Benzene, Flow reactor/ VUV- 1140-1500 K 10 Torr 0.56-0.61 s
(2010)[43] benzene/acetylene, SPIMS aprox

acetylene
Shukla et al. Acetylene, ethylene Quartz reaction tube/ 1100-1500 K 12.33-35torr 0.69s
(2012)[45] linear TOFMS
Yuan et al. Toluene Flow reactor/ VUV- 1100-1730K 5-760 torr -
(2015) [105], PIMS
[106]
Yuan et al. Ethylbenzene Flow reactor/ SVUV- 850-1500 K 0.04-1 atm -
(2016)[107] PIMS
Yuan et al. n-propylbenzene Flow reactor/ SVUV- 800-1500 K 0.04-1 atm -
(2017)[108] PIMS
Zhang et al. n-butylbenzene, Flow reactor/ SVUV- 800-1300 K 30-760 torr -
(2017)[102] PIMS
Shao et al. n-heptane/iso- Jet-stirred 850-1250 K 1atm 1s
(2019-2020) octane/toluene reactor/GC,
[113], [114] Flow reactor/ SVUV-

PI-MBMS)

Jin et al. (2019) indene Flow reactor/ SVUV- 1000-1500 K  30-760 torr 20-500 ms
[110] PIMS
Zhang et al. iso-butylbenzene, Flow reactor/ SVUV- 780-1300 K 0.04-1 atm -
(2020)[103], tert-butylbenzene, PIMS
[104] sec-butylbenzene
Yuan et al. o-xylene Flow reactor/ SVUV- 1050-1600K  0.04-1 atm -
(2021)[109] PIMS
Jinet al. (2021) a-Methyl- Flow reactor/ SVUV- 1000-1550K  30-760 torr 20-500 ms
[111], [112] naphthalene PI-MBMS
Liu et al. (2022) Toluene/allene, Flow reactor/ SVUV- 647-1510 K 0.04-1 bar 9.12-11.6
[115] Toluene/propyne PIMS ms
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Finally, recent works performed by Shao et al. [113], [114] have used flow reactor coupled to SVUV-PIMS
and jet stirred reactor coupled to GC to study pyrolytic PAH chemistry of a fuel surrogate containing n-
heptane/iso-octane/toluene. The study reported mole fraction profiles of reactants, aromatics and PAH
compounds up to four rings. The last work found in literature regarding pyrolytic PAH chemistry using the
flow reactor/SVUV-PIMS combination was reported in 2022 by Liu et al. (2022) [115] on toluene/CsH,
isomers co-pyrolysis reporting channels leading to the formation of PAHs up to two rings like indene and
naphthalene.

2.2 Llaser diagnostics for particle measurements
2.2.1 Shock tubes coupled to laser diagnostics

The experiments conducted in the laboratory and in synchrotron on the measurement of large gas-phase
intermediate products relevant to soot nanoparticle formation can help clarifying routes that lead to the
ring growth. However, the pathway to the formation and growth of carbon nanoparticles includes several
steps which still need to be clarified based on complementary techniques focused on the solid-phase
chemistry.

Spectroscopic techniques have been routinely used for the measurement of soot parameters since they
are non-intrusive diagnostic techniques, a very important aspect for combustion phenomena which are
inherently easy to be perturbed [116]. For instance, laser extinction and Rayleigh scattering techniques
can be coupled to shock tubes to probe the temporal evolution of soot nanoparticle growth relative to
the shock wave passage from the pyrolytic decomposition of multiple fuel components and mixtures. A
review on soot measurements using shock tubes with laser-based techniques applied to the
decomposition of well-known hydrocarbon fuel molecules and surrogates will conclude the present
literature review chapter.

Soot volume fraction (fy) and soot yield (Ys) are important soot parameters that can be obtained from
laser extinction measurements. These two variables depend on the intensity of the transmitted laser
beam after light has been introduced, absorbed and scattered by the homogeneous distribution of
nanoparticles in the control volume. The extinction measurement is correlated to the refractive index of
the media and the wavelength (A) of the laser which is much larger than the average particle diameter
[117]. The mean diameter and number of particles produced in the control volume can be related to f..
Rayleigh scattering technique is a complementary technique to laser extinction since it allows the
determination of the diameter and density number of particles that scatter light. Laser extinction
technique coupled to shock tubes is sometimes complemented by transmission electron microscopy
analysis (TEM) characterizing the collected soot, determining both average primary particle diameters and
internal microstructure, aspects that are related to soot coagulation, growth by reactions, and
agglomeration processes [118]. Soot induction delay time (1) is also an important soot parameter that can
be extracted from laser extinction measurements; it is related to the time of appearance of the first
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detectable particles from the time arrival time of the shock wave to the observation window, and it
provides kinetic information on soot inception [31].

Concerning previous literature investigations, the use of shock tubes coupled to laser diagnostics to
measure soot formation during the pyrolysis of benzene has been already reported. Among these, the
works performed between the 70s and 80s by Graham et al. [55] reported soot yields and growth rates
using laser extinction and Rayleigh scattering (1600-2300 K, 2x10'” atoms/cm?), by Frenklach et al. [119]
on soot yields by laser extinction (1430-3490 K, 0.20 to 3.14 bar, 2x10%” and 5x10% atoms/cm3), and by
Evans et al. [120] who used laser extinction to determine relative soot yields (1012-2588 K,74-177.3 kPa,
1% benzene by volume diluted in argon) and TEM analyses. Subsequently, in 1996 benzene/acetylene
pyrolysis and acetylene/hydrogen pyrolysis were investigated by Knorre et al. [118] employing laser
extinction coupled to a shock tube to determine induction delay times and soot yields; the authors also
used TEM to determine particles size (1560- 2580 K, 6 and 60 bar, 1-16x10 mol/cm3).Other studies on
benzene pyrolysis using shock tubes coupled with lasers have been conducted on the last two decades.
Among them, in 2004 Naydenova et al. [121] reported soot yields, soot particle growth, induction time
and mean particle radius by using continuous-wave (CW)-laser extinction technique and by the time-
resolved laser-induced incandescence (LIl) method. Later on, Agafonov et al. [122], [123] reported soot
yields and modeling study on benzene pyrolysis (1640-2680 K, 1.8-2.4 x10° , mol/cm?) and Drakon et al.
[124] reported soot yields not only for benzene but also for acetylene and with additions of CH,4, H,, CO
and 07 (1400-2400 K, 1.6-2.7 bar). Utsav et al. [125] reported in 2017 soot volume fractions, particle size
and number densities by using laser extinction and scattering coupled to shock tube (1600-2200 K, 3-5
bar). Bauerle et al. [126] has also measured induction periods, soot growth rate constants and soot yields
for benzene and ethylene as well as for n-hexane using laser extinction coupled to a shock tube. In 2022,
Nativel et al. [127] reported optical densities Dg3snm and inception times for benzene mixtures with
oxygenated additives (1670-2680 K, ~1.4 bar). The most recent study on benzene pyrolysis is the one
reported by Carneiro et al. [128] who presented optical densities Desanm, induction delay times, soot
growth rates and TEM analyses. This analysis was extended to toluene, ethylene, acetylene, propene,
propyne, cyclopentene, cyclopentadiene and mixtures among them. Specifically, toluene set is of special
interest in section 5.7 for comparisons with the results produced in this thesis work.

Some of the discussed studies also investigated soot parameters for toluene and ethylbenzene pyrolysis
using similar methods. Among them, the works of Graham et al. [55], Evans et al. [120] and Agafonov et
al. [123] extended the analysis for toluene, while the works of Graham et al. [55] and Agafonov et al. [123]
for ethylbenzene, the last one also reporting the soot parameters for methane, propane, and propylene
pyrolysis. Several other works on toluene and ethylbenzene pyrolysis using shock tubes coupled to laser
diagnostics can be found in literature. Specifically, for toluene pyrolysis, the work by Alexiou et al. [129]
reporting soot induction times, rates of soot formation and soot yields by using laser extinction coupled
to a shock tube for toluene and its mixtures with ethanol and methanol (1447-2426 K, 1.63-3.77 bar, and
5.5-8.7x10% atoms/cm?3), and by Partker et al. [130] reporting soot initiation times and soot yields
measured in a shock tube between 1500 and 2500 K and high pressures of 10-30 atm. Agafonov et al.
[131] performed laser extinction measurements using shock tubes for toluene pyrolysis as well as for
mixtures with propane presenting time profiles and soot yields (1700-2450 K, 5-5.5 bar). D’Alessio et al.
[132] also reported soot yields and soot induction times (1500-2300 K, 8-13 bar, 3.7-5.7x10Y atom/cm3)
including real-time high-speed absorption spectroscopy in the wavelength range 300-800 nm. De luliis et
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al. [18] reported simultaneous extinction/scattering measurements on toluene and ethylene pyrolysis
using shock tubes along with TEM analyses (1650-2200 K, 500 kPa). Among the reported results are mean
diameter of the primary particles obtained with TEM, temporal soot particle diameters and density
numbers, soot yields, induction delay times and soot diameters versus temperature. Ly et al. [133] also
measured soot yield for toluene compared to methylcyclohexane over a range of temperatures and
pressures of 1630-2273 K and 2-4 atm, respectively.

Other recent studies reporting optical densities De3znm and soot particle size and soot-inception times have
been carried out using near infrared laser extinction and laser-induced incandescence (LII) for
nanoparticle sizing coupled to shock tubes (1840-2815 K, 2.1-4.2 bar) for the pyrolytic decomposition of
different hydrocarbon fuels, among them ethylene [134] and a gasoline surrogate [135] both under the
influence of several oxygenated co-reactants like methanol and butanol. Another work found in literature
for a diesel surrogate fuel was reported by Mathieu et al. [136] using the heated shock tube available in
ICARE over a wide range of temperatures and almost constant pressure conditions (1456-2670 K, 1.09-
1.87 MPa, 1.7-2.8x7x10® atom/cm3). In this work, the authors reported soot volume fractions, induction
delay times and soot yields not only for the diesel surrogate fuel but for each single component of the
surrogate.

As shown before, conventional shock tubes coupled to laser extinction can reveal very useful information
on the soot nanoparticles inception and growth, although detailed information on the nascent particles
(1-10 nm size) cannot be obtained. In fact, Rayleigh scattering cannot measure such small particles mainly
due to interference with PAHs and laser power, while extinction measurements are not size selective and
inaccurate at low extinction levels. In addition, these techniques are not capable to provide information
concerning the internal structure of the nascent particles. Thus, there is a gap between the formation of
relatively large PAHs and the appearance of 10-15 nm primary particles.

The miniature shock tube coupling with synchrotron detectors has the potential to overcome some of
these limitations. For instance, coupling miniaturized shock tubes to X-Ray Free-Electron Laser Facilities
(XFELs) to study morphology of single soot particles by means of particle diffraction patterns among with
TOF-MS can reveal important kinetic characteristics of carbonaceous nanoparticles surrounded by PAH
species [137]. Anyway, more insights on soot and PAH formation chemistry will be gained as more access
to different accelerator-based light sources is obtained. Additionally, continuous improvement on the
coupling of shock tubes to these diagnostics is mandatory for the progress of soot chemistry models.
Based on these statements, developing laboratory-based and synchrotron-based shock tube techniques
are of special interest in this thesis in order to go beyond the detection limits of the current methods and
clarify uncertain features involved in soot chemistry process. The processes intended to be studied are
located in the molecular and the solid levels, more specifically the formation and growth of PAHs and
carbonaceous nanoparticles, respectively. The detailed description of these techniques will be presented
in the following chapters.
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2.2.2 Particle measurements in other experimental set-ups

Most of the available works on soot measurements other than in shock tubes have been performed using
flame set-ups although few also implemented well stirred reactors (WSR), plug flow reactors (PFR), or
rapid compression machines (RCM). In particular, similar techniques used with shock tubes have been
coupled to flames gaining useful information on the soot tendencies as well as to perform kinetic studies
[138]. This section contains a brief overview on some of the main results obtained in the literature with
particular focus on examples which highlight the different diagnostics and capabilities. It is beyond the
scope of this work to provide a detailed literature analysis.

Among the non-intrusive techniques coupled with flames, laser induced incandescence (LII) [139],[140],
laser extinction[141],[142], emission computed tomography [143], and two-color method [144] were
applied. Additionally, soot produced in flames has been studied by implementing intrusive methods like
thermocouple particle densitometry (TPD) [145], scanning electron microscopy (SEM) or transmission
electron microscopy (TEM) [146],[147] and electron spectroscopy for chemical analysis (ESCA)[148]. Some
remarkable works performed using the previously mentioned techniques are listed in Table 2-2, including
details as reaction conditions, studied mixtures and measured variables.

In 1983, Santoro et al. [149] reported measurements on particle size and soot volume fraction by coupling
a coannular laminar diffusion flame burner with both laser extinction and laser scattering techniques. The
work was performed with ethene/air flames at atmospheric conditions as the majority of soot
measurements found in Table 2-2. Similarly, based on the coannular burner used by Santoro et al, in 1987
Samson et al. [150] performed particle counting, and obtained structural data of soot agglomerates by
implementing transmission electron microscopy (TEM), this time using acetylene/air diffusion flames. In
1994, the same kind of reactor was coupled by Quay et al. [151] to laser induced incandescence (LII)
technique being able to measure soot volume fractions and particle size obtaining good agreement with
laser extinction/ and scattering techniques. The measurements were performed using ethylene/air
mixtures.

Between 1994 and 1998, Vander Wal et al. has reported measurements on soot volume fractions and soot
morphology using laminar flat premixed flame using McKenna burner or laminar coflow diffusion flames
with several fuel mixtures of acetylene/ ethylene/ air. These measurements were achieved by using LIl
technique [152]-[154], gravimetric sampling [154], and TEM [153]. Parallel to Vander Wal et al. other
authors also performed soot measurements during the same period of time including Will et al. in 1995
[155] using time-resolved LIl (TIRE-LII) in a coannular laminar diffusion flame for particle diameters,
Bengtsson et al. in 1995 [156] using LIl coupled to a laminar premixed porous-plug burner to obtain soot
volume fractions and Choi et al. in 1995[157], Xu et al. in 1997 [158] and Zhou et al. In 1998 [159] using
gravimetric sampling and laser extinction in a premixed McKenna burner to measure soot volume
fractions, primary diameters and particle temperatures and dimensionless extinction constants,
respectively. In 1997, Kasper et al. used a coannular laminar diffusion flame burner coupled to scanning
mobility particle sizer (SMPS) to measure size distributions in metal aerosol/CHa/Ar/air flames.

Numerous subsequent studies were performed implementing similar detection techniques. For example,
SMPS has also been employed by other authors between 1999 and 2017 to measure particle size
distributions in laminar flames [160],{161],[162] as well as the probability density function in turbulent
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flames [163]. In same manner, classical LI, laser extinction and scattering, gravimetric sampling and TEM
techniques continued being implemented during this period to measure soot volume fractions, diameters,
temperatures, aggregate size and fractal dimensions in laminar [164]-[175] and turbulent flames[176],
[177].

Most recent works remarked in the literature come from Mishra et al. in 2020 on simultaneous LIF-LII
measurements using a single camera [178]; Mannazhi et al. in 2021 [179] who measured soot volume
fractions using 2D-LII at high pressures up to 5 bar in a methane/air coflow diffusion flame; Xu et al. in
2022 [180] determining the sooting limits of propane/air flames using three different methods: laser
extinction and scattering, LIl, and flame luminosity; and Zhang et al. in 2022 [181] who measured soot
particles morphology and size distribution in anisole/ n-heptane/ air coflow diffusion flame using TEM.

Despite the great importance of the soot measurements performed using flame set-ups, in this case the
chemistry is coupled to the fluid dynamics, which needs to be accounted for during data analysis and
treatment. In addition, non-uniform concentration and temperature fields as well as limited spatial
resolution lead to uncertainties in the measurements. Finally, for certain applications, the set-up can
provide only a narrow equivalence ratio range.

Between 2005 and 2009, soot measurements were also performed using different reactors like well
stirred reactors (WSR) and plug flow reactors (PFR). These experimental set-ups were combined with Nano
Differential Mobility Analyzer (Nano-DMA) and TEM by Manzello et al. [182],[183] and Lenhert et al. [184]
on ethylene/ benzene/ naphthalene/methanol/CO/air flames in order to obtain the soot size distributions
at atmospheric conditions. In addition, Crua et al. in 2003[185] coupled LIl technique to RCM in order to
determine the time dependent soot formation of low sulfur diesel/air mixtures at a temperature of 373 K
and pressures ranging 60-90 bars. Kitsopanidis et al. in 2006[186] coupled laser extinction technique to
RCM to obtain soot volume fractions from n-butane/ O, /Ar mixtures at a temperature of 765 K and 14
bar. Similarly, RCM/laser extinction experiments were performed by Ketterer et al. in 2019[187] using
gasoline/ toluene/air mixtures at a temperature of 657-695 K and pressure of 8.09-9.25 bars to determine
soot yields from these important aromatic fuels.
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Table 2-2. List of studies on particle measurements using other reactors than shock tubes.

Author/year Fuel System Temp. Pres. Measured
Santoroetal. ethene/air coannular laminar- diffusion flame burner  Atm Atm  particle size, soot
(1983)[149] / laser extinction/ scattering technique volume fraction
Samson et acetylene/  coannular laminar diffusion flame burner/  Atm Atm  particle counting,
al. air TEM structural data of
(1987)[150] agglomerates
Quay, et al. ethylene/ coannular laminar diffusion flame burner/  Atm Atm  soot volume fraction,
(1994)[151]  air Ll particle size
Vander Wal  ethylene/ premixed flat flame,laminar coflow Atm Atm  soot volume
et al. air diffusion flame/ 2D-LII fraction
(1994)[152]
Will, et al. ethene/ air  coannular laminar diffusion flame/ time- Atm Atm  particle diameters
(1995)[155] resolved LIl (TIRE-LII)
Bengtssonet  ethene/air laminar premixed porous-plug burner/ LIl Atm Atm  soot volume
al. fraction
(1995)[156]
Choi, et al. acetylene/  premixed McKenna burner/ gravimetric Atm Atm  soot volume
(1995)[157]  air sampling/laser Extinction fraction
Vander Wal  acetylene/ McKenna burner/ LIl/ gravimetric Atm Atm  soot volume
etal. ethylene/air  sampling fraction
(1996)[154]
Xu Fetal. ethylene/ laminar premixed flat-flame burner/ laser 294K  Atm  soot volume fraction,
(1997)[158] air extinction / gravimetric primary diameters,
temperatures
Kasper etal. Metal coannular laminar diffusion flame burner/  Atm Atm  size distributions
(1997)[188]  aerosol/ SMPS
CH4/ Ar/air
Zhou et al. acetylene/  premixed flat fame McKenna Atm Atm  dimensionless
(1998)[159]  air burner/gravimetric sampling / laser extinction constant,
extinction soot volume fraction
Vander Wal  acetylene/  premixed McKenna burner/ LII Atm Atm  soot volume
et al. air fraction
(1998)[189]
Vander Wal  ethylene/ coflow diffusion flame/LIl/ TEM Atm Atm  morphology and LII
et al. air signals
(1998)[153]
Skillasetal.  ferrocene/  coflow diffusion flame/ SMPS/ TEM Atm Atm  size distribution,
(1999)[160] air monodisperse
particles
Bryce et al. diesels/ air  coflow diffusion flame/ LIl Atm Atm  soot volume
(2000)[164] fraction
Axelsson et ethylene/ premixed McKenna burner/ LI/ laser Atm Atm  soot volume
al. air extinction/ scattering fraction, particle
(2000)[165] diameter
Zhao et al. ethylene/ porous plug burner/ SMPS Atm Atm  particle size
(2003)[161]  oxygen/ distribution
argon function
Yang et al. ethylene/ non-premixed turbulent flame/ laser Atm Atm  soot volume fraction,
(2005)[176]  air scattering and extinction spherule diameter,
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aggregate size and
fractal dimension

Yang et al. acethylene  non-premixed turbulent flame/ laser Atm Atm  soot volume fraction,

(2005)[177] [ air scattering and extinction spherule diameter,
aggregate size

Bladh et al. methane/ diffusion McKenna burner/ LIl Atm Atm Ll signals

(2006)[168]  air

Charwath et acetylene/  premixed flat flame/ time-resolved LII Atm Atm  particle heating

al. air (TIRE-LII)

(2006)[169]

lyer et al. ethylene/ coannular laminar diffusion flame burner/  Atm Atm  total scattering

(2007)[170]  air laser scattering and extinction coefficient, primary
particle size

De luliis et ethylene/ coannular laminar diffusion flame burner/  Atm Atm  soot volume

al. air 2D-2C-Lll fraction

(2007)[171]

Williams et methane/ coannular and slot laminar diffusion flame  Atm Atm  dimensionless

al. ethylene/ burner/ gravimetric sampling/ laser extinction

(2007)[172]  kerosene/  extinction/ TEM coefficient

alr

Hadef et al. ethylene/ premixed McKenna burner/ TIRE-LIl/ 2D- Atm Atm  soot volume

(2010)[173] air LIl fraction, primary
particle sizes

Bladh et al. propane/ coannular laminar diffusion burner/ SMPS  Atm Atm  particle size

(2011)[162]  air and DMA-APM/ TEM distribution

Chan et al. ethylene/ non-premixed, premixed coannular Atm Atm  temperature, soot

(2011)[174]  air laminar burner/ NTLAF/ LII volume fraction

Miglioriniet  ethylene/ premixed plug McKenna burner, Gilder Atm Atm  refractive index

al. air laminar coannular burner/ (Spec-LOSA)/ absorption

(2011)[175] TEM function

Merchanet  CME/SME/  wick-generated open-air laminar diffusion ~ Atm Atm  particle diameters

al. SME-AF/ flame/ TEM/ HR-TEM

(2012)[166]  diesel/air

Sirignano et  ethylene/ stabilized capillary burner, McKenna Atm Atm  particle size

al. air burner/ LIE/ LIl / DMA distribution

(2017)[167]

Chowdhury  ethylene/ turbulent coflow piloted jet burner/ Atm Atm  probability density

et al. air (SMPS) functions

(2017)[163]

Mishra et al.  ethylene/ Bunsen-type burner/ LIl Atm Atm Ll signals

(2020)[178]  air

Mannazhi et methane/ coflow diffusion flame burner/ 2D-LII Atm 0.1- soot volume

al. air 0.5 fraction

(2021)[179] Mpa

Xu et al. propane/ counterflow diffusion flame/ laser 293 K Atm  sooting limits

(2022)[180]  air extinction and scattering/ LIl/ flame

luminosity
Zhang et al. anisole/ n-  co-flow diffusion burner/ TEM Atm Atm  soot particles
(2022)[181]  heptane/ morphology, size
air distribution

34



Manzelloet  co/air well stirred reactor (WSR),plug flow Atm Atm  soot size
al. reactor (PFR)/ Nano-DMA/ TEM distributions
(2005)[182]
Manzelloet  co/air well stirred reactor (WSR),plug flow Atm Atm  soot size
al. reactor (PFR)/ Nano-DMA/ TEM distributions
(2007)[183]
Lenhert et ethylene/ well stirred reactor (WSR),plug flow Atm Atm  soot size
al. benzene/ reactor (PFR)/ Nano-DMA/ TEM distributions
(2009)[184] naphthalene

/methanol/C

O/air
Crua et al. Esso RCM/ LIl 373K 6-9 time dependent
(2003)[185]  AF1313 /air Mpa soot formation
Kitsopanidis  n-butane/ RCM/ Laser Extinction 765 K 14 soot volume
et al. 02 /Ar bar fraction
(2006)[186]
Ketterer et gasoline/ RCM/ Laser Extinction 657— 8.09- sootyield
al. toluene/air 695K 9.25

bar

(2019)[187]
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3 Laboratory-based shock tube set ups at ICARE

This chapter presents the conventional shock tube techniques available at ICARE. First, a brief overview
of the principles behind shock tubes will be provided. Then, the ICARE single pulse high-purity shock tube
(HPST, also abbreviated as SPST) coupled to GC-GC/MS will be briefly described together with its
applications to studies at highly diluted pyrolytic conditions. Finally, the ICARE heated shock tube (HST)
coupled to laser extinction diagnostics will be described for the studies on particle formation and growth.

3.1 Principles of shock tubes

Shock tubes are ideal closed, constant-volume, adiabatic reactors which provide nearly constant pressure
and temperature conditions by means of shock waves [21]. Its invention can be traced back to the 19"
century with applications to acoustic studies but they were mostly exploited during the 20" century.
During this period the type of gases and initial conditions were characterized and varied, with different
applications including aerodynamics, chemistry, astrophysics, and physics [190]-[193].

Concerning the combustion field, shock tubes have been proven excellent instruments for kinetic studies
as the thermodynamic temperature and pressure conditions can be brought to well-defined values almost
instantaneously [194]. In addition, it is possibility to attain a wide range of temperatures and pressures
(typically 600-4000 K and 0.1-1000 bar) and to run experiments at ideally any dilution condition as well as
in oxidation or pyrolytic conditions. Typical observation times of the order of few ms allow the
implementation of different optical and analytical techniques to monitor various variables and processes.
Few of these studies will be presented in the next chapters. The small effects of thermal and velocity
boundary layers on the reaction conditions inside the shock tubes are another advantage over other
conventional set-ups, like flames or burners, where the fluid dynamics is strongly coupled to the
chemistry.

The nature of a conventional shock tube is relatively simple. Initially the gases loaded into the two
sections, driver and driven sections, are separated by means of a diaphragm. The driver section is filled
with a gas (usually helium) at state 4, while the driven section is filled with the test gas under study at a
lower pressure, denominated state 1. Namely, the pressure nomenclature for these two conditions are
P4 and P1, respectively. After the rupture of the diaphragm a series of compression waves are formed.
These waves travel through a medium compressed by the previous waves, thus subsequent compression
waves have increasing speeds. Finally, the compression waves coalesce to form a strong shock wave. This
shock wave propagates into the driven section suddenly increasing the test gas pressure P1 to the state
P2. The shock wave travels along the driven section till it is reflected at the end-wall. Behind the reflected
shock wave the conditions are T5 and P5. At the same time expansion waves propagate in the opposite
direction of the shock wave without any abrupt change in the pressure while. The zone that includes the
expansion waves is called ‘rarefaction fan’. The rarefaction fan is used in combustion applications to
quench the reactions (for single pulse operation). The expanded driver gas conditions are referred to as
state 3, while the moving interface between the test gases and the expanded driver gas is called contact
surface. The position of the contact surface with respect to the shock wave varies in time as the shock
wave travels at higher velocity. The time evolution of the position of the contact surface, shock front and
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rarefaction fan are illustrated in the x-t diagram on Figure 3-1a and b. Figure 3-1c and d show an example
of pressure and temperature distribution along the shock tube at a determined time t1.
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Figure 3-1. a) conventional shock tube, b) x-t diagram c) Pressure distribution at time t1 [21]

Ideally, when a shock wave passes through a quiescent gas, the molecules undergo an irreversible abrupt
increase of the pressure, temperature and density as molecules can only transmit perturbations at a
unique molecular velocity, the speed of sound, which is much slower than the shock wave velocity. The
speed of sound can be determined in each medium and it depends on density, temperature and specific
heat capacity ratio (y) of the gas. In particular, since the experiments presented in this work were
performed behind reflected shock waves, an accurate estimate of the state 5 should be obtained in order
to determine the thermodynamic conditions during the test reaction time. This can be done by applying
the conservation of mass, momentum, and energy in a unit area of the shock front between states 1 and
2, without momentum and heat transfer though the walls, and assuming that the flow is inviscid and that
gases obey the ideal gas law.

p1Ug = p2uUy (3-1)

P, + pyuf = P, + p,u3 (3-2)
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H1 +%u% = Hz +%u% (3'3)

where the initial density (pi1), pressure (P1) and enthalpy (H:) of the test gas ahead the shock wave are
known. If additionally, the shock velocity u; is measured experimentally, then the exact values for T, P,
and p> can be derived from system of equations 2.1 to 2.3. The following equations can be obtained by
applying Ranking-Hugoniot method [195], [196]:

P, _ 2yMi-(y-1

P, v+1 (3'4)

P2 _ _(y+1M] i

p1 (y-1MZ+2 (3-5)
-1 -1

T, _ popy _ OMI-HMETHD) (3:6)

T:  Pipz @M%

where M; is the incident shock wave Mach number defined as Mi=ui/as, a: is the speed of sound in the

testgas definedas al = /yRT; /Mw and Mw is the molar mass of the test gas. Moreover, and considering
that after the rupture of the diaphragm no gas flow takes place through the contact surface during the
isentropic expansion, we can assume that velocities and pressure are equal between state 2 and state 3
since they need to be continuous (P2=P3). With this in mind we can correlate the unexpanded driver gas
at initial state 4 with the initial test gas state 1 and derive the well-known shock tube equation [21]:

(2

Py _ 2y, Mi-(r1-1) " {1 _Yaml a1 (M, — L)}_ V41 (3-7)
P y1—1 yitl ay 1M,

This equation shows the relation between the strength or Mach number of the shock and the initial
pressure ratio loaded across the diaphragm. Which means that while variating the initial pressure
conditions, we can obtain different shock strengths. In order to obtain stronger shocks, a driver gas having
a high speed of sound and low specific heat ratio should be used. For this reason, helium is commonly
used in shock tube studies.

Finally, and similar to the analysis described to derive equations 2.4-2.6, between states 2 and 5 there is
another pressure and temperature rise. The conditions behind the reflected shockwave can be derived in
terms of the initial state 1 and incident shock Mach number as follows:
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Py _ (2yMZI-(y-1)) (By-1DM;-2(y-1)
P { y+1 }{ (y-1)M2+2 } (3-8)
Ts _ (20-1DME-G-NHBy-nMi-2(-1)} (3-9)

Ty (y+1)2M?

As already stated, this reflected conditions are kept almost constant during a test time, also named
observation time. The observation time mainly depends on the size of the shock tube and the nature of
the driver and driven gases. For combustion studies, this is the available time for the measurements.
Figure 3-2 shows an example of PCB pressure profile obtained in the single pulse shock tube at the
laboratory ICARE with 92 ppm styrene in argon. Behind the reflected shock wave, constant pressure and
temperature conditions Ps = 21 bar and Ts = 1339 K are observed during a reaction time of around 4 ms
[65]. At this time most of the reactions are quenched due to the cooling by the arrival of the rarefaction
waves. Measurements can be performed in-situ during the nearly 4 ms observation time or off-line if
samples are taken.
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Figure 3-2. Typical end wall pressure profile in ICARE single pulse shock tube and definition of reaction time [65]

Compared to other experimental techniques, the characteristics presented in the previous paragraphs
make shock tubes an interesting reactor for pyrolytic studies on soot chemistry at relevant
thermodynamic conditions and at different time scales, in the molecular and solid phase regimes. For
instance, in flow reactors temperature gradients and pressure limitations reduce the experimental
capabilities compared to shock tubes. The advantages and capabilities of coupling conventional shock
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tubes to different diagnostics focused on PAH chemistry and soot formation and growth that are part of
the motivation of this thesis work will be systematically discussed as follows.

3.2 Single pulse high purity shock tube and GC/MS

Recently, a new experimental technique has been designed and developed at ICARE laboratory dedicated
to the study of PAH chemistry. The technique is based on a conventional single pulse shock tube coupled
to gas chromatography and mass spectrometry. This technique has been widely implemented in the
measurement of stable intermediates produced from the pyrolysis and the oxidation of fuels [9]. A
schematic of the ICARE single pulse conventional shock tube coupled to the analytical system is presented
in Figure 3-3. The ICARE single pulse high-purity shock tube (HPST) is composed of a driven section of 78
mm bore and 6 m length, and a driver section of around 2 m length. The driven section is electropolished
and heated up to 90 °C in order to avoid the wall condensation of heavy PAH products and fuels before
the experiment. During operation, initially the driven section is evacuated until 10 torr by means of a
turbomolecular pump and then loaded with the test gases under study at the desired pressure P1 while
the driver section is filled with helium at higher pressure P4. The two sections are separated by a double
diaphragm section filled at P4/2. The 150 L dump tank, installed close to the diaphragm, is also filled at a
pressure P1 with argon, before the ball valve connecting the dump tank to the driven section is opened.
When the system is loaded and ready for an experiment, the double diaphragm is suddenly evacuated by
opening a line to an evacuated chamber. This generate the bursting of the diaphragm and the formation
of the shock wave downstream and rarefaction fan upstream.

Typical test gases are composed of highly diluted mixtures of hydrocarbon fuel (aromatic, straight-chain
alkane, cycloalkenes, and their mixtures with C2-C3 intermediates) in argon bath gas and they are usually
stored in a leak free gas mixture electro-polished cylinder. Special attention before mixture preparation
is paid to assure the absence of fuel condensation on the walls based on the vapor pressure of the
compounds. Tests are also performed to check that the partial pressure of the fuel once introduced into
the tank does not drop but remains constant over time. Before the mixture preparation, the tank is
evacuated until 10 torr, then filled up with the fuel vapor or gas to the desired partial pressure and
subsequently diluted with argon at a typical pressure of 16 bar. Usually, with this tank pressure limit a set
of 24 experiments can be obtained although the tank can be filled at higher pressures if desired. No mixer
is at the moment installed inside the tank so a minimum waiting time of 5 hours is required for the mixture
to homogenize.
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Figure 3-3. A schematic view with description of the ICARE single pulse shock tube coupled to the analytical system

The shock tube is equipped with four CHIMIE METAL pressure sensors mounted on the last part of the
driven section to track the passage times of the incident shock wave and derive the shock wave velocity
extrapolated to the end wall. This information is required to calculate temperature T5 and P5 at which
the reactions take place. One last PCB pressure sensor covered with a thin layer of RTV is used to record
the pressure time history. An example of a typical end wall PCB pressure profile obtained in the single
pulse shock tube at laboratory ICARE with 92 ppm styrene in argon was discussed in Figure 3-2. In this
profile, initially the test gas is kept at 90 °C and around atmospheric pressure, then the arrival of the shock
wave generates an instantaneous increase of the pressure to 21 bar and the gases are heated to 1339 K
in less than one micro second. This condition stays almost constant during the observation time, which is
around 4 ms, before the arrival of the rarefaction waves leads to a fast decrease in the pressure and
temperature of the gases and to the quenching of the reactions. The reaction time is taken as the time
between the arrival of the shock wave at the end-wall and the time when the pressure drops to 80% of
its maximum value [197]. The ICARE HPST can be considered as an ideal adiabatic reactor at constant
pressure conditions. This is related to the large diameter of the tube which reduces the non-idealities and
avoids the need for chemical thermometers to be implemented [198]. On the other hand, certain
reactions involving resonantly stabilized radicals may continue during the quenching [65], [199]. In this
case, the pressure profile needs to be introduced in the kinetic simulation.

After the quenching of the reactions, a pneumatic sampling valve (HIP 30- 11HF4) is triggered by the PCB
signal around 10 ms after the arrival of the shock wave at the end-wall. This allows the withdrawal of the
gases and their transfer to the analytical system through a SilcoTek line heated up to 150 °C. The analytical
system is composed of two gas chromatographs, one specifically designed and developed at ICARE to
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measure PAHs that have been formed at pyrolytic, high-pressure, high-temperature, highly-diluted
conditions (see detailed description in chapter 2.1.1). A DSQ mass spectrometer is also connected to the
transfer line and used to help the identification of the PAH products.

Gas chromatograms are obtained and used to analyze the gas mixtures produced in the shock tube. Figure
3-4 shows an example of gas chromatogram from the decomposition of 100 ppm of styrene in argon bath
gas at pyrolytic conditions (reaction time of 4 ms, Ts of 1517 K and Ps of 21.14 bar). It can be noticed that
the system is capable to detect and separate many different polycyclic aromatic structures ranging from
two-ring species like indene and naphthalene passing by three-ring compounds like phenanthrene and
anthracene up to four-ring species like pyrene, fluoranthene or chrysene.
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Figure 3-4. Example of gas chromatogram for 92 ppm styrene decomposition in argon bath gas at Ts = 1553 K and Ps=21.1 bar.
Experiment M1529.

Species separation takes place as a function of the retention time on the column (DB-17ms in the case of
Figure 3-4) and for each of the species up to three-rings included it is possible not only to identify but also
to quantify the concentrations by integrating the peaks areas and applying a calibration coefficient. The
calibration curves are obtained using custom-made mixtures of known PAH concentrations in argon which
are directly injecting to the GC. Up to three ring compounds included, these curves are very accurate and
linear over the range of mole fractions obtained in the experiments. If the measurement is repeated at
different T5 conditions it is possible to obtain species concentration profiles as a function of temperature
for the fuel decay as well as the formation of the major and minor products, including PAHs. These
temperature dependent species profiles can then be used for the development and validation of detailed
chemical kinetic models regarding, in the specific case, the formation of the gas-phase soot precursors.
Once the models have been optimized based on the experimental results, they can be used to improve
our fundamental understanding of the PAH chemistry through kinetic analyses (rate-of-production and
sensitivity analyses) and as a base for the coupling of the solid-phase soot code.

Despite the limitations described in the previous chapter, mainly related to condensation of heavy species
and reduced isomer selectivity, the single-pulse shock tubes are powerful techniques that allow the
measurement of PAH products produced from the decomposition of fuel molecules. The results can be
complemented with those produced in synchrotron-based investigations.
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3.3 Heated shock tube and laser-based extinction measurements

Laser extinction technique was coupled to the heated shock tube of ICARE laboratory (ICARE-HST) as the
optical diagnostic equipment for probing the transient formation and growth of soot nanoparticles after
the decomposition of several fuel components and mixtures at pyrolytic conditions. The ICARE-HPST is
shown schematically in Figure 3-5. The driven section is 52.5 mm bore with 5.25 m long and it is covered
by heating elements and 5 cm thick glass fiber insulation. The shock tube has the possibility to be heated
up to 130 °C but the shock tube was kept at room temperature in this work. The driver section is 114.3
mm bore and 2 m long and it is rigidly attached to a recently home-made antivibration structure by means
of a set of 16 screw bolts. Other 16 screw bolts are also used to connect the end part of the driven section
to a second home-made antivibration structure. The operation of the heated shock tube is similar to the
HPST with few differences.
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Figure 3-5. Schematics of the high-pressure heated shock tube set up showing mixing rig, pumping systems, pressure gauges, four
particulate matter filters, and gas bottles.

First, the mixing rig is attached to the beginning of the shock tube driven section and the mixtures are
stored inside a 30 L mixture tank. The tank is evacuated below 0.01 torr before the liquid fuel is vaporized
and introduced to the required partial pressure which is normally less than 10 torr. Then the 0-10 torr
pressure gauge and the tank are closed, the lines flushed with argon (> 99.9999% purity) before the tank
is filled with argon to a total pressure of 2450 + 2 torr. This pressure allows a maximum of four experiments
per mixture preparation. After the preparation, a magnetic agitator homogenizes the mixture for
minimum 20 minutes. Just before each experiment, the shock tube walls are passivated with the fuel
mixture for 5 minutes to avoid any undesired fuel adsorption which may occur at room temperatures.
This means that initially, the shock tube is evacuated down to 107 torr using a turbo molecular pump,
then it is filled with the fuel mixture under study to 740-760 torr, and finally re-evacuated and re-filled at
the desired pressure condition. This pressure condition is lower than P1 as 24 % of helium (by volume) is
added as a buffer gas in order to increase the observation time.
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When both P; and the acquisition system are ready, the driver section is filled with helium and a relatively
small amount of nitrogen (11-17%). The nitrogen addition postpones the arrival of the rarefaction fan and
it improves the quality of the pressure profiles [200], [201]. Shock tube is closed and a double diaphragm
section initially filled at a pressure of P4/2 is evacuated to generate the shock wave. The driven section if
equipped with 4 equally spaced CHIMIE METAL (A25L05B) piezoresistive pressure sensors used to record
the passage of the incident shock wave and a PCB pressure sensor (PIEZOTRONICS Model482C series)
covered with a thin layer of RTV installed at the end-wall. An example of a typical raw PCB pressure history
and extinction signals are shown in Figure 3-6. It can be noticed that although a pressure bump at 2 ms is
presented, in average almost constant pressure conditions are achieved in the HPST during a reaction
time of around 4.5 ms, in the specific case for an experiment at T5 =1661 Kand P5 = 16.6 bar with 0.0613%
ethylbenzene in argon bath. The PCB signal is also used to trigger data acquisition (pressure
measurements and extinction signal).
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Figure 3-6. Typical PCB pressure time history and extinction signal obtained in ICARE — HST. Obtained at Ts 1661 K and Ps 16.6
bar, Ma= 2.6, attenuation 4.5 %. Experimental condition M1244.

After each experiment, the shock tube is vented through a series of four filters (15, 7, 2 and 0.5 microns)
to capture the soot before going to the extraction system. In addition, the inner surface of the shock tube
is cleaned with acetone several times. The end wall is also carefully removed from the end part to extract
soot nanoparticles by using ultrasound bath with acetonitrile solvent. The soot particles are stored and
labeled in darkened glass recipient for future transmission electron microscopy (TEM) analyses. TEM
allows the obtain primary soot particle diameters in the final aggregates and atomic scale structure
organization, fundamental parameters for the validation of the soot models.

The crucial variables that can be studied using laser extinction are soot volume fraction or optical densities
as well as soot yield, induction delay time, and soot growth rate, all as a function of the reaction
temperature T5. Figure 3-7 presents a schematic of the end part of the driven section where the optical
access is located. The location of the flush mounted CHIMIE METALS used for the incident shock wave
velocity measurements is also shown. At 10 mm from the end-wall, five quartz windows are placed at
different angles (0°, 90°, 180°, 235°, 335°). The two windows at 0° and 180° are used to enter and exit a
633 nm red Helium-Neon laser (Melles Griot, 15 mW). The laser wavelength of 633 nm is large enough
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compared with the size of the expected nanoparticles so that the light will be mainly absorbed according
to the Beer-Lambert law for gases. In addition, the contribution due to the absorption from other species,
in particular the gas-phase PAH precursors, is minimized.
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Figure 3-7. Schematics of heated shock tube (HST) end section showing pressure transducers connections, photo multiplier, and
laser extinction configuration mounted on the optics table.

The laser is installed on an antivibration optical table very close to the end section of the shock tube, and
the light is directed inside the shock tube using optical mirrors. Just before the inlet, a pinhole is installed
facilitating the alignment as well as a convex lens in order to focus the laser beam at the center of the
shock tube (necessary for future technique developments). The laser beam crosses the control volume
perpendicularly to the shock tube axis and parallelly to the floor. The exiting monochromatic light is
collimated and detected by a photo multiplier (PM, model: HAMAMATSU R5938P) connected in parallel
to a 10 kQ resistance for enhanced time resolution. The signal is amplified using a high-power supply (HV,
BERTRAN 230). A voltage of 340 volts was chosen based on the output extinction signal in order to
guarantee linearity of the response. The photo multiplier is physically attached to the structure holding
the shock tube.

The methods and equations implemented in [18] can be employed to determine the soot induction delay
times, soot volume fractions, and soot growth rates, while the data treatment presented in [124] can be
used to characterize the optical densities at 633 nm (De33). Assuming monodispersed and homogeneously-
distributed spherical particles of average diameter much smaller than the wavelength of the beam light
(dp << A), the soot volume fraction (f,) can be defined as the volume of particles per unit volume (m3/m3).
It can be expressed as function of the ratio between the incident (lo) and transmitted (I.) intensity of the
laser light. Additionally, if scattering contribution is negligible, the extinction coefficient (Kext in cm-1) can
be assumed as the absorption coefficient (Kaps) obtaining the commonly used expression for (f,) presented
in equation (3-10).
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where N, is the number density of soot particles (in #/m3), L the optical length assumed as the shock tube
bore, and E(m) function of the refractive index (m) of the particles. This last factor introduces important
uncertainties to the measurements for several reasons: 1) the measurements of E(m) in the literature are
based on soot which is mature, not incipient as in the shock tube experiments; 2) E(m) varies with time
for the same fuel and thermodynamic conditions; 3) E(m) varies with the temperature/pressure
conditions and with the fuel. Comparing the values proposed in the past for E(m), for average real (n) and
imaginary (k) values of the refractive index (m=n-ik), a value of E(m) = 0.19 is obtained, which can result
in a factor 4 uncertainty in the final measurement [202]-[207]. Recent shock tube works use a value equal
to 0.36 [127], [134], [135].

Despite the uncertainties in their absolute values, f, profiles can be used to derive soot induction delay
times and surface growth rates as their measurements are independent of the optical properties and their
characterization is possible with the following expressions [208]—-[210]:

In (f'””—“") =kp-t=f(t) 3-11

fvmax_ v
where k¢ is the soot growth rate constant by surface reactions assuming that no coalescence neither
agglomeration of particles occurs. It is extracted from the slope of function f(t) and can also be
represented in an Arrhenius form as it follows:

RT

E
kr = Aexp (— f) 312
where A and E:are the preexponential factor and the activation energy of the soot growth, respectively.

Soot induction delay times Ting, defined as the time necessary to form the first soot particles, can be used
to characterize the process of nucleation. It represents the time interval between the instant when the
fuel is brought to the desired conditions and the instant when the first particle is produced. It can be
extracted from the f, signal by extrapolating the maximum slope of the soot volume fraction profile to the
baseline. Soot induction delay time can also be expressed in Arrhenius form to account for variation in
temperature, pressure and initial concentration [18], [211]:

Tina = A[C,H, | “[0,]°[Diluent]€ exp(Eina/RT) 3-13

where A is the pre-exponential factor, [CiH,], [O2] and [diluent] the initial fuel, oxygen and diluent
concentrations, respectively, in mol/m?3. Einq is the activation energy of the induction process in J-mol™* and
R is the ideal gas constant (8.314 J-K'*mol?). The coefficients a, b and ¢ are exponents to fit the
experimental results. Since in this work almost constant fuel and diluent concentrations were utilized in
the test section and additionally, no oxidation was considered, these coefficients are equal to zero.

One parameter that is not affected by the optical properties is the optical density (D, in m2/mol) at a
determined wavelength, in this case 633 nm. It depends only on the logarithmic ratio between the
transmitted light (I.) and the incident light (lo) intensities, the concentration of carbon atoms in the
mixture ([C]), and the optical path L. The optical density can be calculated by the next equation [212]:
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where the carbon concentration [C] in #carb/mol is defined as a function of the fuel molar fraction X,
Boltzmann’s constant (Kg= 1.38-102 J-K%), reflected T5 and P5 conditions and initial number of fuel carbon
atoms n¢:

_ XhcPs -6 .
[C]= RaT n.10 3-15

In the experiments presented below, a nominal pressure of 17 + 1.2 bar was selected for all experiments
together with similar fuel concentrations and fuel composition (in terms of carbon atoms per molecule),
thus the carbon concentration [C] will mainly depend on the temperature T5.
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4 Miniature shock tube and synchrotron-based set ups

In order to introduce the development of a new miniature shock tube and its applications with
synchrotron-based diagnostics, the laboratory-based shock tube facilities described in the previous
chapter coupled with different measurement systems are schematically shown in Figure 4-1.
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Figure 4-1. Experimental facilities used in the thesis and expected results.

The single pulse shock tube coupled to GC/GC/MS can be used to study aromatic and PAH chemistry in
the gas-phase steps towards the soot particles up to three-/four-rings species. On the other side,
concerning the solid phase chemistry, the shock tube coupled to laser extinction can reveal very useful
information on the soot nanoparticles inception and growth, although detailed information on the
nascent particles (1-10 nm size) cannot be obtained. In fact, Rayleigh scattering cannot measure such
small particles mainly due to interference with PAHs and laser power, while extinction measurements are
not size selective and inaccurate at low extinction levels. In addition, these techniques are not capable to
provide information concerning the internal structure of the nascent particles. Thus, there is a gap
between the formation of relatively large PAHs and the appearance of 10-15 nm primary particles. The
miniature shock tube coupling with synchrotron detectors has the potential to overcome some of the
limitations of the GC systems and unveil the chemistry of multi ring PAH structures.

In this chapter, the design, functioning, and characterization of the ICARE high repetition rate shock tube
(ICARE-HRRST) will be described. In particular, its capability to run automatically thousands of very
reproducible experiments necessary for signal averaging will be shown. This is a requirement to
implement and exploit the strengths of i2PEPICO, despite its low signal-to-noise ratio signals.
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Additionally, the installation of the ICARE-HRRST at different European light source facilities will be
described. For instance, the coupling with SAPHIRS vacuum chamber of DESIRS VUV beamline in SOLEIL
Synchrotron will be presented in detail as well as the installation at the X04DB VUV beamline (SLS/VUV)
available in the Swiss Light Source (SLS) at Paul Scherrer Institut (PSI). All the challenges faced during the
successful campaigns will also be discussed for the first time in this thesis manuscript.

4.1 ICARE high repetition rate shock tube facility

The first governing parameter in the design of a shock tube that is intended to be coupled with
synchrotron detectors is to be sufficiently small in order to fit in very restricted space available at the
beamlines. Additionally, the system has to be compact and modular since campaigns to synchrotron
require transportation of the different pieces from the laboratory to the different facilities, with the need
of modifying the length and design of the shock tube based on the geometry of the beamline. The last
design condition to meet is to be able to run shocks at high repetition rate as beamtime at synchrotrons
is very reduced and its efficient use is mandatory. The experiments need also to be reproducible for signal
averaging. All these conditions can be met only with a miniaturized, automated, modular shock tube,
despite the fact that reducing shock tube size can yield to larger non-idealities of the reaction conditions
compared to regular shock tubes.

With all this in mind, the miniature high repetition rate shock tube at ICARE laboratory (ICARE-HRRST) was
designed and constructed based on the design developed by Tranter et al. [22] specifically for use at
synchrotron facilities. There are several subsystems interconnected with the experimental section of the
ICARE-HRRST as shown in Figure 4-2. These comprise electronics boxes for automated control of the
operations, reagent mixture preparation rig, pneumatic circuits, gas and fuel supply, vacuum system, and
the coupled measurement techniques. Detailed information about all the coupled subsystems will be
presented in detail as follows in this chapter.

Pneumatic
manifold
Gases and
Electronics chemicals
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ICARE-HRRST
- . Measurement
Mixing Rig / techniques
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pump &
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Figure 4-2. Different elements designed for the functioning of the ICARE-HRRST.
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4.1.1 Shock tube design

The ICARE-HRRST was designed to work at laboratory and at synchrotrons. However, dimensions were
specifically chosen to fit inside the restricted space of the SAPHIRS chamber at DESIRS beamline. ICARE-
HRRST is a fully automated shock tube that can operate at repetition rates up to 2 Hz, compared to regular
shock tubes which can be operated up to around 1 experiment per hour. Figure 4-3 shows a 3D view of
the experimental section of the shock tube set up. It is ~ 10 times smaller than regular shock tubes but its
operation is very similar with a driven and a driver section separated by an element which is removed to
generate the shock wave.

High-Pressure Section and Valve

Fill valve Evacuation Valves

and Manifolds

Nozzle

Figure 4-3. 3D view of the ICARE-HRRST.

4.1.1.1 Driven section

The driven section was designed to be able to slide on high-precision aluminum rails in a modular fashion
in order to obtain different system configurations and meet specific length needs. It has a bore of 8 mm
and its total length from the high-pressure section to the end wall is variable, starting from a minimum
value of ~84 cm. It is quite simple to add elements to make the shock tube longer. In fact, the driven
section is constituted of 60 mm long custom-made stainless steel pneumatic valves (end-valve EV, middle-
valves MVs and fill-valve FV in Figure 4-4a) and spacers (S in Figure 4-4a) of the same length used to
increase or reduce the length as needed. Both, spacers and valves are joined and aligned through low-
tolerance male-female coupling, with viton o-rings placed between the different elements to avoid leaks
from the shock tube to the outside and entrance of atmospheric air into the shock tube. To hold all the
valves and spacers together threaded rods are used as shown in the Figure 4-3.
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A detailed cross-sectional view and top view of the assembled driven section including the notation for
the different elements is shown in Figure 4-4a. Eight CHIMIE METAL A25LO05B pressure sensors are located
in the bottom part of each pneumatic valve and spacer to detect the moment when the shock wave passes
and calculate the shock wave velocity. These are placed every 60 mm by means of screwed adaptors which
hold the sensors by means of o-rings. The last pressure sensor located in the end part (T) is 20 mm from
the end wall. The velocity at the end wall is obtained by extrapolation of the single measurements. Notice
that the inner surfaces of the sensors are flush-mounted to reduce the perturbances on the shock
propagation.

The four exhaust valves (EV and three MVs) are used to evacuate the tube through two separate
evacuation manifolds, while the fill valve (FV) is used to introduce reagent fresh mixture into the shock
tube. All the valves have the same design and they are built based on previous design by Tranter and
Lynch [22]. These are controlled by compressed air through the two ports in the valve cap (B) shown in
Figure 4-4b. Port P1 is used to push down the piston (C) while P2 is used to lift it. The movement of the
piston closes or opens the ports F, and the sealing is obtained with an o-ring inside a dovetail groove in
the bottom part of the piston. In the case of valves EV and MVs, the ports are connected to the two
vacuum manifolds to evacuate the gases, one on each side of the valves. In the case of the valve FV, the
port joins the shock tube with two reservoirs which store the mixture close to the tube in sufficient
amount for having a pressure P1 nearly constant during operation at high repetition rates.

The piston movement is guided by two CHESTERTON 22KN5-AWC860 lip seals (D) separated by Teflon
spacers. The CHESTERTON seals prevent compressed air for valve operation to enter the shock tube. An
o-ring is located radially in the head of the piston to separate the two compartments connected to P1 and
P2. In this case the groove is designed for dynamic applications. Finally, another o-ring is placed between
the valve body for holding the compressed air from exiting the valve. The ICARE-HRRST was designed to
run experiments at a maximum frequency of 2 Hz.

The driven section end part (T) is designed to hold a nozzle (100-400 um orifice diameters) in order to
couple the shock tube with the mass spectrometers at synchrotrons as it will be discussed in next chapter.
These nozzles are perfectly aligned with the shock tube axis. Due to the difference between the pressure
P5 inside the shock tube and the pressure inside the vacuum chamber connected to the mass
spectrometer, the gas elution generates a supersonic jet flow that will expand on the surrounding
ambient. This expansion cools down the reaction products withdrawn from miniature ICARE-HRRST
freezing the kinetic reactions. For the case a diagnostics with mass spectrometers, a skimmer or a series
of two skimmers (for double stage pumping systems) is precisely aligned and placed just after the nozzle
in order to capture the central part of the jet and create a collimated molecular beam that will be
introduced into the mass spectrometer vacuum chamber, as discussed later. In order to obtain an
effective cooling effect, the minimum distance between the nozzle and the skimmer is around 10 times
the nozzle orifice diameter.

The end part (T) can also be configured to hold a 113B24 PCB pressure transducer covered with a thin
layer of room-temperature-vulcanizing silicone (RTV) to perform experiments in the laboratory and to
characterize the pressure time-histories behind reflected shock waves. The PCB transducer cannot be
mount simultaneously with the nozzle due to the small bore of the shock tube.
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Figure 4-4. a) Cross-sectional view and top view of the driven section of the ICARE-HRRST. EV: end valve; MV: middle valves; T:
end section; S: spacers; R: connection element. b) Cross-sectional views of the pneumatic valves EV and MV and FV which are
identical in design. Compressed air is connected to ports P1 and P2. A: valve main body; B: valve cap; C: piston; D: lip seals; P1:
valve closing port; P2: valve opening port; F: exhaust ports for evacuating HRRST driven section; E: pressure sensor holder. c) Cross-
sectional view of the driver section showing the high-pressure chamber and solenoid actuated valve. G: flange with convergent

section; H: main chamber body; I: leading part of the driven section; L: poppet; N: outer body; O: armature body. Parts L, N and O
form the armature.

4.1.1.2 Driver section

The driver, or high pressure section is shown in Figure 4-4c, its design is similar to the one of Tranter and
Sikes [213]. It consists of 2 0.334 L and 78 mm i.d., 304 stainless steel cylindrical chamber (H) surrounding
the first part of the driven section (I). The maximum pressure rating is 100 bar. Compared to conventional
shock tubes, the diaphragm is here replaced by a poppet (L) highlighted in red in Figure 4-4c. This allows
multiple subsequent operations without the need for opening the tube between experiments. Part (L) is
screwed into part (N) which can move axially inside the armature body (O). The poppet contains an O-ring
in a dovetail grove that seals against the entrance of the shock tube by the force of a spring. Additionally,

52



at initial conditions, the poppet is automatically pushed by the difference between the high pressure in
the driver chamber and the low pressure in the shock tube.

An external solenoid valve installed on the high-pressure section governs the poppet movement. The
valve opens and closes by the rapid action of the magnetic field which is produced and held for a period
of time of around 2 ms, moving back the poppet by around 1.5 mm compared to the close position, while
the armature travels for 4.5 mm total. The 2 ms opening time is sufficient for allowing enough driver gas
to expand into the driven section and to subsequently form the shock wave. Since the movement of the
armature acts like a hammer on the poppet, a set screw is inserted to avoid unscrewing between pieces
L and N and to prevent misfunctioning of valve or poppet destruction. The insertion of the set screw has
to be performed after all armature is installed and it is done through a side hole in the armature body O.

The driver section extends into the driven section through the piece (I) whose design includes a conical
reduction on cross sectional area of 2.25 (from 12 mm to 8 mm). This reduction results in higher Mach
numbers compared to straight tube for the same P4/P1 ratio [214]. There is a 2.2 L reservoir tank
connected to the entrance of the driver section in order to keep a constant P4 during the high repetition
rate operation. P4 is measured by means of a Honeywell LM-BP211DL gauge pressure sensor located just
before the helium reservoir tank. A pneumatic ball valve is inserted between the reservoir tank and the
high-pressure chamber. This valve is triggered and closed if any misfunctioning occurs in the operation of
the shock tube, in order to avoid high-pressure gases to keep flowing into the system and potentially
damage not only the shock tube parts but also the diagnostics coupled to the HRRST.

4.1.1.3 Vacuum system

For each cycle, the gases inside the shock tube must be rapidly extracted through the manifolds shown in
Figure 4-4a. The vacuum chambers are communicating to the ports F of each pneumatic valve (EV and
MVs) and to a vacuum system. The vacuum system is composed of a vacuum booster coupled to a dry
root vacuum pump (3900 m3/hr, Edwards EH500/GV-80 combination) which is connected to the vacuum
manifolds using stainless steel flexible bellows and KF 40 fittings. An ISO 100 butterfly valve is located at
the exit of the pump to isolate the pump when needed. The vacuum pump is never stopped while the
experiments are running since miniature shock tube is designed to run experiments continuously for
several hours. However, pump heating needs to be avoided and a reliable refrigeration system has to be
implemented in order to reduce operation temperature and subsequent possible damages. This is solved
using a water chiller. There is a dust filter just before the water entrance to the chiller to trap big particles
that come from the pump and to prevent chiller damages too. Additionally, the vacuum root pumps need
a compressed air flow-rate to purge the system in case of “dirty” gases.

4.1.1.4 Reagent mixture preparation and mixing rig

The fill valve FV in Figure 4-3 is connected to two reservoirs which have the function to feed fresh mixture
into the shock tube at a sufficient rate so that P1 stays nearly constant during operation. The reservoirs
are equipped with a security rupture disk and an additional port; one side of the reservoirs is opened and
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function as inlet for the mixture. An MKS 722B capacitance manometer is installed on one of the additional
ports to measure the absolute pressure in the driven section. The picture of the fill valve and its
connection to one of the reservoir is shown in Figure 4-5.
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Figure 4-5. Photography and description of one side of the assembled fill valve FV

New reagent mixture is continuously provided to the driven section of the HRRST by means of a
homemade automatic mixing rig system. Most of the elements of the mixing rig are mounted on a
compact aluminum frame built with Bosch Rexroth profiles and equipped with wheels for easy
transportation and installation at synchrotrons and laboratories. As presented below, the mixing rig is a
versatile set-up capable to prepare different mixtures at high flow rates for a large number of subsequent
experiments as in the case of application to high repetition rate shock tube set-ups. On the other hand, it
can be used for any other scientific purpose.

The mixing rig system design comprises three MKS mass flow controllers of different scales (MFC, model
1179A) connected to a common 946 MKS vacuum system controller box which is also connected to the
analog P1 signal. A schematic diagram of the whole mixing rig system is presented in Figure 4-6b. The rig
is capable to generate different gaseous mixtures including vapor from liquid fuels. In particular, the
mixtures with liquid fuel vapors are produced in a bubbler. In the bubbler, a carrier gas (argon > 99.9999%
pure in this case) passes through a porous frit that is immerged into the liquid fuel. During this process,
schematically shown in Figure 4-6a, the carrier gas entrains the fuel vapor till its saturation pressure. The
fuel concentration depends on the mass flow rate of the carrier gas, thus it is required to maintain a
constant inlet pressure in the bubbler line (around 4.1 + 0.1 bar for most of the cases reported here). The
bubblers could be also heated up using a hot water bath heater to increase the fuel concentration.

The carrier gas + liquid fuel are then introduced into a second bottle, called the catch pot, where the
excess fuel droplets, if any in the carrier gas, are trapped. The carrier gas/fuel mixture is now ready to be
send to the mass flow controller. Normally, no liquid is deposited in the catch pot after running thousands
of experiments. This was observed for many fuels, including toluene, styrene and ethylbenzene; however,
it can be taken as a security measure to avoid liquid going to the lines or to the mass flow controller.
During operation, the liquid level must be constantly checked to refill when needed while running
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experiments. Once the mixture exits the catch pot, it is directly to the respective mass-flow controller
(MFC) which, along with the gases from the other two MFCs, can produce different desired mixtures, i.e.
reduce the fuel vapor concentration by dilution with argon or prepare mixtures with oxygen/air and/or
mixtures with other fuel components.
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Figure 4-6. a) Schematics of functioning of bubbler for liquid fuel vapor production and b) Schematics of instrumentation used in
the mixing rig.

After passing through the MFCs, the mass flows are introduced into a manifold equipped with a static
mixing element (mixer) and a Honeywell pressure sensor (Pl) usually employed to check leak rates in the
lines and eventually to trigger the security valve stopping the MCFs in case of overpressures inside the
manifold. The flow can be started/stopped by acting solenoid valves (V) placed just after the MFCs. The
fresh reagent mixture coming from the manifold is stored in a six-liters tank, which is equipped with a
security valve (SV) with a rupture disc and a Honeywell gauge pressure sensor (Pl). The signal of the
pressure sensor allows the pressure inside the tank to be monitored, so that this is maintained in certain
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desired range during HRRST operation. The tank can be refilled several times during the course of the
batches of experiments (usually including thousands of runs). The mixing rig operation is entirely
automated by making use of a LabVIEW application and an electronic control box. In particular, part of
the mixture just after the opening of the solenoid valves Vs is vented through EV as the MFCs require
some time before reaching the desired flow values. The procedure and technique have been proven to be
very reliable in producing fuel mixtures with accurate concentrations [215].

The tank outlet is directly connected to a Matheson vacuum regulator which controls the pressure P1
below the atmospheric pressure. Between the vacuum regulator and the FV reservoirs, a check valve is
connected to prevent breaking of the pressure regulator in case of back overpressure due to failure on
the operation of the fill valve (FV). In that case, the 946 MKS vacuum system controller box will also send
a relay signal taken from P1 sensor (usually set at 750 torr) to the mixing rig electronic box in order to
close the helium valve (HeV) shown in Figure 4-6b and stop helium supply to the high-pressure driver
section. In addition to this safety measure, an external manual Stop button is connected to the mixing rig
box and it is placed close to the persons operating the system in order to stop mixing rig operation and
close Helium valve (HeV) in case of emergency. In that case, a reset button is installed in the valve box to
restart operation when required. Finally, the reagent supply line is connected to the reagent reservoirs of
the fill valve (FV) at the desired pressure P1. Normally, in the postprocessing the first 20 shocks in a batch
are not considered as this time is required to reach stable values of P1 and P4 for continuous operation
of the shock tube.

4.1.1.5 Control and data acquisition

The ICARE-HRRST functioning is fully automatic. Control of the operations and the data acquisition are
possible by making use of a LabVIEW software and a set of electronic and electro-pneumatic elements
presented in Figure 4-7. Similar to the mixing rig, most of the elements are placed inside a portable and
compact aluminum electronic rack (40x40x150 cm?) that can easily be installed as a sole module and that
is equipped with wheels allowing transportation during synchrotron campaigns. All the aluminum
structures of the ICARE-HRRST are grounded during operation.

The control of the five custom-made pneumatic valves located in the driven section (EV, MVs, and FV) is
done through a set of three double acting 5/2 electro-pneumatic valves (Parker-Viking Xtreme
P2LCX513EEHDDN) all placed in a common pneumatic manifold. The three middle valves (MVs) are
connected to a single 5/2 electro-pneumatic control valve, while the fill valve (FV) and the end valve (EV)
are controlled individually. Two flexible lines go from each 5/2 electro-pneumatic valve outlet to the
respective custom-made valve port entrance to supply/remove compressed air (minimum 5 bar) that
controls the opening and closing position of the piston as shown in Figure 4-4b.

In total, six 12 Volt electrical signals actuate the solenoids of the three 5/2 electro-pneumatic valves. These
are supplied by a home-made electronic valve box controller shown in Figure 4-7. The valve box receives
six digital control signals generated by the LabVIEW software via a multifunction DAQ card (National
Instruments PCle-6361) through a BNC-2110 block adapter also shown in Figure 4-7 and accordingly, the
electrical signals are delivered governing the operation sequence of the ICARE-HRRST.
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Figure 4-7. Schematic showing the connections between various components in the electronic system. The BNC-2110 is the
connector block of the Pcie-6361 card.

The shock tube is operated in a sequence similar to the strategy used in ANL-HRRST [22] and UIC-HRRST
[216]. Figure 4-8 shows the digital pulse pattern over 1 Hz operation using the DAQ card which is also
employed to record several analog signals like MKS 722B capacitance manometer (P1), Honeywell LM-
BP211DL gauge pressure sensor (P4), 113B24 PCB pressure transducer PCB pressure sensor (P5) or even
current probe from the high voltage box (HVB) to check current delivery status.

The majority of the cycle time is occupied by extracting the gases from previous experiments. Evacuation
of the gases is obtained by opening the four custom pneumatic vent valves (EV and MVs). This is specified
by the digital control signals EVo and MVo where the subscripts ‘o’ represent opening of the valve. After
evacuation of the shock tube, the three middle valves MVs are closed using the same digital control signal
MVc and after 100 ms the fill valve opens (FVo) for 300 ms. Valve EV remains open and overlaps with FV
opening for 25 ms, after which signal EVc closes the venting valve. This overlap between EV and FV was
chosen just to ensure flushing with fresh reagent mixture. Once the valve FV is closed, the driven low-
pressure section is completely isolated and filled with new reagent gas mixture. In this moment P1 and P4
analog signals are recorded by the software via the DAQ and 100 ms after, a digital signal, also shown in
Figure 4-8, is sent by the software to a BNC-577 DPG pulse generator that subsequently produces a 2-3
ms pulse. This pulse is used to trigger a high voltage box (HVB) shown in Figure 4-7. The high voltage is
applied to activate the bobbin located in the high-pressure diaphragmless valve (driver section) opening
the poppet for ~ 2 ms. During this very small opening time, the shock wave forms. 20 ms after the high-
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pressure valve closure, the vent valves EV and MVs open again to evacuate the product gases. This is the
start of a new cycle.
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Figure 4-8. Pulse pattern, 1 Hz operations. EV, MV and FV denote end, middle and fill valves, respectively, subscripts O and C the
open and close control signals.

In addition to the pulse to the high voltage box, the BNC-577 DPG pulse generator produces a second
pulse with a time delay of 3-4 ms with respect to the first one. This second pulse is used: i) as a trigger
signal to start the spectral data acquisition in PEPICO detectors via a Stanford DG535 DPG; ii) to start
recording all eight CHIMIE METAL pressure sensor analog signals via a 25 MS/s, GAGE-Applied Octopus
digitizer PCIE card that is installed in the computer board. The eight CHIMIE METAL signals need to be
amplified before being registered by the Octopus card. This is done by means of two home-made amplifier
boxes each one with four available channels. For each channel, the software is capable to locate the
incident shock, getting the time intervals and hence derive the shock wave velocity on-the-fly, allowing
the monitoring of HRRST performance during continuous operation. Each cycle, all analog signals being
acquired and calculated by the software (e.g. T5, P5, T2, P2, P1, P4) are stored in excel files in different
groups of data, as preferred, for eventual post-processing.
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4.1.2 Shock tube performances

As already stated, the ICARE-HRRST can operate at rates up to 2 experiments per second. Since averaging
of the signals is mandatory for practical use with low signal-to-noise detectors, the shock waves have to
be reproducible and desired temperature T5 and pressure P5 conditions to be kept almost constant over
thousands of subsequent experiments. In addition, consistent time-history pressure profiles need to be
obtained for kinetic purposes. In order to test the capabilities and characterize the performances of the
shock tube, two different conditions, each one comprising one thousand experiments, were conducted in
the laboratory using helium and argon as driver and driven gas, respectively.

Figure 4-9 presents the PCB pressure time-histories for temperatures T5 of 1509 K and 1297 K and
pressures P5 of 7.3 bar and 7.8 bar, respectively, demonstrating that the ICARE-HRRST is capable to
generate thousands of very reproducible experiments. It is shown in black the average over 1000
experiments which perfectly corresponds to one randomly chosen single pressure profile, which had to
be offset +1 bar and -20 us in order to be recognized. The only major difference between the single shot
profile and the average one lies in the noise after the passage of the shock wave.

A larger dP/dt is present in comparison to ICARE single pulse conventional shock tube where nearly
constant pressure conditions are obtained during the reaction time as shown in Figure 4-9. In fact,
reducing the internal diameter from 78mm to 8 mm leads to non-ideal test conditions related to boundary
layer growth which results in increasing pressure profiles from around 7 bar to 12 bar during the reaction
time before a subsequent drop due to rarefaction waves. The non-idealities constitute a major
disadvantage of using such a small apparatus. However, because these pressure profiles are very
reproducible for a given range of T5 and P5, the time profiles can be introduced into chemical kinetic
simulations without having significant consequences on the validity of the experimental results.

Another implication of having such high increase on pressure is the need to consider pressure variation
inside the mass spectrometer chambers at synchrotron beamlines as it will be described on the following
chapters where quantitative measurements are attempted. Additionally, since shock tube bore is very
small, PCB and nozzle cannot be installed simultaneously during synchrotron campaigns.

Considering the observation time as the time before the arrival of the rarefaction waves, for the higher
temperature case with T5 = 1509 K and P5 = 7.3 bar, the test time is shorter, around 500 us, compared to
the lower temperature experiment with T5 = 1297 K and P5 = 7.8 bar (test time around 650 ps). This is
consistent with observation times reported for ANL-HRRST of ~300 us with a smaller bore of 6.3 mm[23],
UIC-HRRST of ~700 us with bigger bore of 12.7 mm [216] and HRRST designed by Matsugi of ~500-650 ps
observation time and the largest bore of 15 mm [217]. On the other hand, the rarefaction waves in this
case do not generate a fast drop in the temperature and pressure conditions as for the case of the single-
pulse shock tube in Figure 3-2. Thus, in reality, the reactions will continue for some time after the pressure
reaches its maximum value, and the observation time can be extended as it will be shown in the next
chapter concerning the kinetic measurements from aromatic fuel pyrolysis.
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Figure 4-9. Pressure time-histories for a single experiment and an average pressure over 1000 experiments for the following
conditions: a) T5=1509K, P5=7.3 bar; b) T5=1297 K, P 5= 7.8 bar. For clarity, the individual pressure profiles are offset relative
to the averaged profile (+ 1 bar, -20 us). Without the offset, the profiles would be largely indistinguishable.

The shock tube length may also influence the observation time and attenuation. For instance, as will be
discussed later, SAPHIRS vacuum chamber at the DESIRS beamline allows the installation of the miniature
HRRST only with longer driven section length compared to the one employed in the laboratory for the
experiments in Figure 4-9. Figure 4-10 shows the average over thousand pressure profiles for T5 of 1351
K and P5 of 6.4 bar obtained with shock tube length as used at SOLEIL Synchrotron (~129.5 cm). The larger
shock tube length results in similar observation times of ~650 us for the conditions studied. Additionally,
the pressure profile shape remains similar to the case in Figure 4-9b with comparable pressure increase
from 6 bar to 11 bar, in this case.
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Figure 4-10. Pressure time-histories for a single experiment and an average pressure over 1000 experiments for T5 = 1351 K, P5 =
6.4 bar and standard deviations of 13 K and 0.13 bar, respectively. For shock tube length used in SOLEIL.

The measured reflected conditions P5 for each shock in Figure 4-9 are determined by averaging the first
40 ps of the pressure signal after the arrival of the shock wave. Additionally, the reflected pressures P5
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were also calculated by extrapolating velocities based on last five CHIMIE METAL sensors to the end-wall
of the shock tube and solving the conservation equations. Measured and calculated P5 are reported in
Figure 4-11a presenting an excellent agreement. It can be seen that at two different conditions (1509 K
and 7.3 bar, 1297 K and 7.8 bar) the standard deviation for the measured pressure is lower than 0.14 bar.

10 T T 1600 — T T T I e e e e
L o}
H
Pavgmenuredy = 7.40 bar 6= 0.12 bar o Experimental P 1
F Pavgcarcuaca) = 7.26 bar o = 0,08 bar & Calculated Ps
g Tom ™ 1309Kc=21K Plagancasrey = 7.8 bar &= 0.14 bar -
Pagcacuiae) = 7.79 bar s = 0.14 bar
Towe =1297K 6= 18K
_— '
5 M :
'.Q N~ _ _ H
= E Tsae= 1509 K6=21K E
H
= S 14001 : .
2 5 i Tsae= 1297 Ko=18K
(5 =" )
2 1
& g H
L
3 ?
: >
H 1300 |=
i
H
i
i
6 I 1 H L L 1200 Y RIS B! . . L
0 200 400 600 800 1000 0 200 400 600 300 1000

Experiment # Experiment #

Figure 4-11. a) Distribution of measured and calculated reflected shock pressures using extrapolated velocities to the end-wall of
the shock tube, b) Distribution of calculated reflected shock temperatures using extrapolated velocities to the end-wall.

Figure 4-11b reports the calculated temperatures behind the reflected shock waves using extrapolated
shock velocity. The variation of T5 and P5 can be due to the variation of P1 and P4. Particularly, P5 has
similar behavior of P1 variation and P1 may change as the filling reservoir tank empties and start a new
filling shift. However, for both cases the standard deviation is less than 21 K, which is a remarkable result
with respect to the reproducibility that can be obtained with regular shock tubes which is around 30-40
K. This demonstrates the great performance capabilities of ICARE-HRRST in terms of reproducibility of
temperature and pressure at reflected shock conditions.
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4.2 HRRST/i2PEPICO coupling
4.2.1 HRRST at DESIRS VUV beamline

With 354.097 m circumference and dedicated to the study of matter at atomic level since year 2013,
Synchrotron SOLEIL is the 2.75 GeV third generation French national light source facility located near Paris,
France. Injection and subsequent acceleration of electrons along a circular path provide synchrotron
radiation (SR) to 29 beamlines, including an extremely stable VUV photon beamline [218], named DESIRS
[75]. The miniature ICARE-HRRST design is conceived to be small enough in order to be coupled with
SAPHIRS permanent photoionization molecular beam end-station located at the monochromatic branch
A of a VUV undulator-based beamline DESIRS [75].

DESIRS VUV undulator-based beamline covers a wide range of energies of 5-40 eV offering very high-
resolution spectroscopy, high photon flux (10° to 10% photons/sec) and precisely calibrated polarization
control. During experimental campaigns in DESIRS, high spectral purity was obtained by adding an argon
gas filter that eliminates high harmonic contamination. Once high order photons are removed, a 200
g/mm low dispersion grating is used to deliver photons with resolution of ~15-25 meV for typical photon
energy range of 8.5 — 11 eV employed in this work.

The photoionization process takes place inside the mass spectrometer vacuum chamber of SAPHIRS end-
station where double imaging particle photoelectron photoion coincidence (i2PEPICO) spectrometer,
DELICIOUS 11, is installed [24], [76]. It combines a velocity map imaging device (VMI) for photoelectrons
detection and a modified Wiley-McLaren time of flight (WM-TOFMS) momentum imaging analyzer for
photoions detection. Then electrons and ions are extracted from the ionization region to the electron and
ion analyzers by means of an electric field. On the ions side a full 3D ion momentum distribution is
obtained from its TOF, each ionization event is tagged and correlated with ion position on a 40 mm
position-sensitive detector (PSD) and the arrival time of each electron on the electron PSD. Photoelectron
kinetic energy images are collected in the electron side using an additional 80 mm PSD and then filtered
by ion mass and momentum using a coincidence scheme. Electron images can be Abel inverted to
reconstruct the photoelectron’s Newton sphere using the pBasex algorithm [219]. By applying this
procedure, it is possible not only to determine the mass of the ions like any other mass spectrometer, but
also the photoelectron spectra for each mass, allowing the identification of complex mixtures of PAH
isomers as the ones produced pyrolytically in the miniature ICARE-HRRST.

4.2.1.1 Mechanical coupling

The miniature ICARE-HRRST was coupled to the ionization vacuum chamber where DELICIOUS lll is
installed, via a double differentially pumped molecular beam sampling interface [76]. A schematic view of
the installation at SOLEIL is shown in Figure 4-12. In particular, part of the driven section containing the
four exhaust valves of the shock tube is placed inside the inner vacuum chamber (in red) with the nozzle
facing two skimmers. The inner vacuum chamber is a continuation of the main vacuum chamber.
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Figure 4-12. ICARE-HRRST coupled with DESIRS-SAPHIRS. A : DESIRS-SAPHIRS outer chamber; B : DESIRS-SAPHIRS inner chamber;
C : movable support flange for chamber B; D : slab with linear guides

The nozzle/skimmers alignment represents the first challenge to be faced in order to obtain optimal
conditions in HRRST/i?PEPICO coupling. The complication in the alignment is due to the fact that
DELICIOUS 1l spectrometer is relatively far from the entrance of the main vacuum and any misalignment
translate into either low quality of the molecular beam, or incorrect sampling of the gases eluting from
the nozzle which leads to a decrease in the signal level. Additionally, the fill valve and high-pressure
section are kept outside due to space restrictions in the main vacuum chamber and safety precautions,
this fact has added more difficulty to the mounting/dismounting and alignment processes.

Gas extraction towards the spectrometer chamber is made through different adiabatic expansion stages.
The main vacuum chamber is where the supersonic jet first expansion is taking place. A second expansion
occurs between the two skimmers in a differential vacuum chamber allowing the entrance of the
molecular beam to the i?PEPICO spectrometer vacuum chamber characterized by high vacuum
performance [76]. A gate valve isolates the spectrometer vacuum chamber from the differential chamber
and can be used when the main vacuum chamber is opened for routine maintenance or modifications in
the set-up. All the three vacuum chambers of SAPHIRS are evacuated by turbomolecular pumps with a
reference pressure in the range of 10® torr without gas load. During normal shock tube continuous
operation, the pressure levels inside the main chamber, the differential chamber and the spectrometer
chamber were always monitored during shock tube operation and kept below the 10%, 10 and 107 torr
safe ranges, respectively. The double differential pumping constitutes a great advantage of SAPHIRS end-
station for high pressure - high repetition rate experiments where efficient gas extraction is needed to
significantly reduce the risk of damaging the instruments due to overpressures.

In order to be able to maintain a good alignment between the nozzle and the skimmers even after several
mounting/dismounting of the HRRST and considering that big part of the weight of the shock tube is
supported by the inner vacuum chamber, a new custom-made inner chamber design was developed.
Figure 4-13 shows how the miniature, ICARE-HRRST is mounted on an 80 mm wide aluminum plate (P1)
equipped with two 720 mm PBC Mini Rails in order to allow shock tube displacement inside the chamber
for easily removal/insertion. Each pneumatic valve (EV, MVs) and one connecting element (R) are
equipped with a support with two sliding carriages allowing the shock tube to move axially over the two

63



PBC Mini Rails. Other four carriages are used as stoppers that precisely fix the desired relative position of
the shock tube with respect to the skimmer.

The plate P1 is mounted inside the inner vacuum chamber with seven aluminum supports (A, L1 and L2)
fixed to it. The five supports (A) are curved in the bottom taking the shape of the internal diameter of the
chamber. Plate position is fixed to the vacuum chamber by means of a pin and two screws between L1
and the vacuum chamber flange. The adjustable support (L2) was conceived to support the initial part of
plate P1 on the inner surface of the main chamber, as can also be noticed in Figure 4-12. All seven supports
transfer the weight held by plate P1 to SAPHIRS inner and main vacuum chambers. In addition, six
threaded rod supports are inserted at end part of the inner chamber close to the skimmers. These can be
regulated until they are in contact with the differential chamber’s internal surface once the shock tube
alignment is optimized. Thus, these supports add rigidity to the inner vacuum chamber. The inner
chamber is also equipped with a flange attached to SAPHIRS movable flange (XYZ). This allows the isolation
between the differential chamber and main vacuum chamber and the optimization of the alignment
between the shock tube axis and the second skimmer axis.
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Figure 4-13. ICARE-HRRST inside SAPHIRS. A: support for the plate; B: internal chamber; C: supports with two sliding carriages; P1:
plate with two PBC Mini Rails; R: connecting element; L1: plate support fixed to the cylinder B; L2: adjustable support; EV: end
valve; MV: middle valves.

When dismounting of the shock tube is required, a second plate P2 is added to extend plate P1 length
until the exit of SAPHIRS. Both plates, with similar dimensions, have small tolerance machined slots used
to precisely fit with an aligning slab. The slab is screwed on P1 and P2 top side and a third plate (P3) is
screwed on their bottom side, adding rigidity. A detailed 3D view of these details when shock tube is
mounted inside SAPHIRS during experiments and when dismounting operation is required can be found
in annex A 1. During shock tube removal, plate P2 is supported on a custom-made external structure by
means of three adjustable feet. The custom-made external structure was specifically built to, i) sustain
the external parts of the ICARE-HRRST, ii) facilitate displacement of main external parts during
mounting/dismounting of the shock tube, iii) align high pressure section and fill valve and connect them
with the part of the shock tube inside SAPHIRS. A schematic isometric view of the support structure built
around SAPHIRS is shown in Figure 4-14. An aluminum plate P4 is used to hold the fill valve (FV) with its
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two reservoirs and the high-pressure section. Although the helium reservoir tank is placed on a higher-
level plate, it is solidary with the rest of the main parts sharing the same movements. Because the plate
P4 needs to be displaced in function of the movements of the inner vacuum chamber during skimmer 1
and skimmer 2 alignment, P4 can move up, down and even rotate relative to SAPHIRS. For this reason, P4
is connected to another aluminum plate (P5) by means of four threaded rods. The rods are fixed on plate
P5 using nuts on its upper and bottom sides. The angle and level of P4 relative to SAPHIRS is regulated
with respect to P5 as needed to maintain the alignment between the shock tube parts inside and outside
SAPHIRS. In particular, the fill valve FV is connected to the shock tube part inside SAPHIRS through a set
of two tubes equipped with BCO connections until the connecting element R of Figure 4-13. The assembly
is presented in Figure 4-12. The first tube connected to FV is attached to a flexible bellow acting as
feedthrough that isolates the vacuum chamber from the external ambient. At the same time, the bellow
allows relative movement of the inner chamber with respect to the main vacuum chamber. The
feedthrough is mounted on the center of a custom-made flange labeled as end-flange in Figure 4-14 which
has a circular clearance to freely move and align the external parts with the inner parts as evidenced in
Figure 4-12. The end-flange is also attached rigidly to the custom-made external structure by means of
Bosch profiles. Thus, during dismounting, the flange can move together with the external structure in all
directions.
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Figure 4-14. Isometric view of the structure built around SAPHIRS to aid removal of the HRRST. G: Eco-slides. Feedthrough flange
contains ports for pressure sensor feedthrough, air supplies, and vacuum lines. End-flange. Helium and reagent inlet. Plate P4 and
Plate P5.
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To allow external maneuvering, two movements parallel to the floor were enabled in the external support
structure design. P5 is equipped with four Eco-slides (G) that allow transversal movement over two Bosch
Rexroth profiles that at the same time are carrying four sliders placed on two aluminum rails that are
parallel to the shock tube axis. The axial and lateral movements are used to remove the complete fill-
valve/HP-valve/he-tank/end-flange subsystem and clear the space for access to the main vacuum
chamber and for introducing or removing the shock tube. The accuracy of the sliding system is sufficient
for allowing subsequent operations with consistent alignment between the different elements. The load
of all the elements is supported by a structure with aluminum columns and beams that is accommodated
around SAPHIRS/DESIRS beamline and connected to the DESIRS structure or to the floor.

Another challenge on the installation is to prevent leaks inside the main vacuum chamber since several
pneumatic lines, vacuum bellows, pressure and temperature sensors were introduced inside SAPHIRS.
This was possible by making use of vacuum feedthroughs and Swagelok connections mounted in a DN-
250 flange that was coupled to a DN-250 tee installed perpendicularly to the shock tube and main
chamber’s turbo molecular pump axes. This position allows the minimization of bending and curvature of
the vacuum bellows from the exhaust vacuum manifolds of the ICARE-HRRST and easy access to the shock
tube from the lateral side during mounting and dismounting. In addition, easy access to the custom-made
feedthrough element for the CHEMIE METAL signals and the quick-connect fittings for the compressed air
lines is granted through the free side of the DN-250 tee, named access port in Figure 4-14. By using a
transparent blank flange, this access functions also as a monitoring window when the system is operating
under high vacuum conditions.

As mentioned above, the first challenge on the installation of the HRRST at SOLEIL consists in the
alignment between the nozzle and the skimmer 1 of the SAPHIRS two-stage differential pumping system.
Initially, this was obtained in the laboratory using a regular laser to center both nozzle and skimmer
orifices prior to the experiments in SOLEIL. Multiple mounting and dismounting of the HRRST did not
modify the alignment. Figure 4-15 shows an expanded view of one of the nozzle/skimmer 1 configuration
employed in the coupling of ICARE-HRRST with SAPHIRS molecular beam sampling interface. Here, the
shock tube end-wall section is holding the divergent nozzle, while parts A, B and C keep skimmer 1 position
fixed relative to the end-wall of the inner vacuum chamber. The base of the skimmer 1 is held by a movable
plate B and the clamp ring A that are attached together by a circular pattern of eight screws. Radial and
angular movement of skimmer 1 is then allowed since plate B has a clearance (3 mm) with respect to the
groove machined on the inner chamber end-wall external surface. To avoid leaks between the main
vacuum chamber and the differential chamber, an o-ring is placed between part B and the inner vacuum
chamber surface. Once the skimmer 1 is aligned by laser, plate B can be permanently clamped by
tightening 8 screws between plate C and the external face of the inner chamber end-wall. Thus, skimmer
1 will be fixed and aligned with the shock tube and nozzle axes.

Once the shock tube is mounted on the plate P1 inside the inner vacuum chamber and the stoppers
correctly placed in the rails, the nozzle and skimmer will be separated at the desired distance. Additionally,
since nozzle is perfectly aligned with the shock tube axis, they will be automatically parallel with the inner
chamber axis because of the geometrical restriction given by the five curved supports A and L1 shown in
Figure 4-13. This alignment will not change with shock tube displacement since rails cannot move relative
to the inner chamber.
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Figure 4-15. Expanded view of the HRRST end-wall section showing the nozzle and skimmer 1.

As a first approach to the implementation of the technique, the configuration presented in Figure 4-15
allows the variation of the position of the nozzle with respect to the skimmer 1 while keeping them aligned
over several shock tube removals/insertions into the inner chamber. However, in the case the skimmer 1
needs to be replaced during the course of an experimental campaign, it is better to reduce the time
invested in the laser alignment procedure, even more for synchrotron campaigns where the beam time
and space are very reduced and an optical system cannot always be easily set-up.

Several improvements can be done to this system in order to obtain a more versatile alignment method
that would allow the change between different skimmers and nozzles to facilitate determining their
optimal diameters/separations that maximize the signal-to-noise ratio. For this reason, a different
configuration is presented in Figure 4-16a where a sort of aluminum bird cage was designed to be
attached to the plate holding the skimmer. The Bird cage and skimmer holder are rigidly connected
keeping their axes perfectly aligned and fixed with low tolerances. Subsequently, the end part of the shock
tube is introduced inside the bird cage and since the tolerance between them is very small (< 0.01 mm)
the alignment between nozzle and skimmer 1 will be ensured. Finally, and similar to the method shown
in Figure 4-15, the plate C can be clamped to the inner chamber end-wall to fix skimmer 1 to it.

An additional adjustable clamp was attached to the end part of the shock tube acting as a stopper when
shock tube is introduced. Thus, the desired axial separation between nozzle and skimmer 1 is also
guaranteed. Figure 4-16b and Figure 4-16¢ show a 3D section of the inner chamber with the bird cage
installed on it and end part of the shock tube inserted into the bird cage.

Once shock tube and nozzle axes are aligned with the skimmer 1 axis inside the inner chamber, it is
required to align the whole system with skimmer 2 too. Skimmer 2 position is fixed and aligned with the
ionization region of the mass spectrometer vacuum chamber. The alignment is done by partially
pressurizing the inner chamber with argon so that a supersonic jet is created between skimmer 1 and
skimmer 2 and a molecular beam is introduced to the i?PEPICO ionization region. Once argon gets ionized
by the synchrotron radiation, the ion and electrons signals can be maximized by moving the inner chamber
axis. This procedure can be done under high vacuum with SAPHIRS motor driven movable flange (XYZ)
with a very high precision. However, since the inner chamber axis moves together with the flange and the
shock tube is relatively heavy, the HRRST could not be mounted inside SAPHIRS for alighment of skimmer
1 with skimmer 2. Nevertheless, measurement of the signal intensity with and without the shock tube
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inserted into the inner chamber showed that the alignment was kept. The distance between the two
skimmers is also set-up as needed. All diameters and distances chosen for the nozzles and skimmers are
discussed in the results section showing how these dimensions impact the signal quality.

During dynamic high repetition operation, the shock waves warm up the end part. More importantly,
under vacuum conditions convective heat loss is negligible and avoiding excessive heating up is required.
Therefore, two thermocouples are mounted in the end part and EV during synchrotron campaigns not
only to measure the initial temperature T1 but also to monitor the temperature of the valve. The
thermocouple cables are connected to a KF 40 K-type feedthrough, while the temperature measurements
are acquired as an analog signal input via the DAQ PCle-6361 card.
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Figure 4-16. Cross-sectional view of the HRRST inside SAPHIRS showing the mechanical alignment system (a). 3-D section of the
chamber showing the HRRST terminal section inserted into the cage (b) and the cage mounted at the end of the chamber (c).

4.2.1.2 Data acquisition and processing

In order to trigger the DELICIOUS Il acquisition with respect to the HRRST operation, for every experiment
a NIM signal needs to be produced. For this purpose, a Stanford DG535 DPG was used to generate the
NIM signal as triggered by the BNC-577 DPG controlling the shock tube running cycle. This allows the shock
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tube and detector to be synchronized. The NIM signal is sent to a Time to Digital Converter (TDC) to start
the recording of the signal from the mass spectrometer. Photoionization events release ions and electrons
that fly to the position sensitive detectors PSD and that are associated with each experiment. These events
are counted by the TDC with a time step of 120 psec immediately when they arrive to the detectors. The
time and position information are acquired, accumulated and stored for post-processing using IGOR
software and DELICIOUS Ill subroutines developed by DESIRS beamline scientists. Averaged signals can be
also monitored on-line while acquisition is running to check for any eventual problem.

In particular, the IGOR software allows a flexible analysis of the acquired spectral information. For
example, the ion masses which are related to ion times and electron times can be filtered by interval of
experiments also called ‘pulses’. This constitutes a good advantage of the post-processing tool, since
experiments or events that do not correspond to the desired conditions can be excluded from the analysis
without affecting the quality of the resulting averaged signal. For instance, if shock tube nozzle is blocked
during a period of time while running, the gases introduced into the spectrometer will be reduced and
thus, the ion and electron counts on TDC will be reduced, decreasing the average signal level during that
interval of time. Or if beam light intensity is varied during some moment of the operation, this spectral
data can be excluded from the analysis too. Similarly, in synchrotron campaigns several adverse
possibilities can be presented during data acquisition and information can be binned or chosen as desired
also based on T5 and P5 ranges. Finally, the i?PEPICO data can be filtered by coincidence events in order
to produce electrons and ions time of flight matrixes, projected mass spectra, projected mass selected
time profiles or photoelectron spectra.

Spectral data acquisition from DELICIOUS Ill mass spectrometer can be performed in two different ways.
In the first mode, also called “pulsed mode”, for each experiment a trigger signal is sent to the TDC to
acquire data over a time span of 8 ms that contains the pre-shock and post-shock conditions. The raw
data is accumulated over thousands of runs and a matrix of single ionization events as function of ion
time-of-flight, and the electron time of flight can be produced. Figure 4-17 shows an example of raw
spectral data obtained averaging around 107 000 experiments for an initial toluene concentration of 0.1%
in argon, initial temperature around 1362 K and pressure of 6.6 bar. Thus, since arrival of the
photoelectrons is relative to the shock arrival, they contain the kinetic information for the respective ion
TOF which is linked to the mass-to-charge ratio (m/z). This assumption is possible since the electron time-
of-flight is in the order of nsec, being independent of its initial kinetic energy and negligible to the ion
kinetics time scale which is in the order of us. Thus, ion mass kinetics information and mass spectra can
be extracted from raw spectral data by projecting the electron/ion TOF matrix with respect to the electron
TOF axis for each ion mass and with respect to the mass-to-charge ratio axis, respectively, as will be
discussed in the results section.

The data obtained using the pulsed acquisition mode can be used to obtain mass spectra, time-history
profiles for selected m/z ratios, and mass selected photoelectron spectra (PES) tagged by experiment
number, ion mass and reaction time. However, due to the specific pulsed character of the HRRST
operation, considering the limited time available at the accurate PES signals can be obtained only for
species with relatively high concentrations while they are somehow relatively low and poorly defined for
heavier low concentration species like PAHs. In order to overcome this limitation and obtain larger PES
signals for the PAH species, a second acquisition mode was evaluated called “continuous mode”. In this
mode the acquisition does not stop between the experiments and data is continuously saved and
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averaged helping in increasing the number of electron and ion counts and thus the signal-to-noise ratio
for low concentration products as the PAHs. Additionally, if the photon energy is chosen close to the
ionization energies of most PAH compounds (typically Pl < 8.5 eV), PES signal for the PAH products will be
maximized obtaining sharper peaks that allow the identifications of isomers of each m/z. In general, the
energies chosen for the pulsed mode are intended to allow the measurement of the fuel as well as the
main aromatic intermediates and certain small products, while the continuous mode is focused
specifically on the PAH species.

As evident and unfortunate, kinetic information cannot be extracted from data obtained using the
continuous acquisition mode since there is not synchronization between the shock tube experiment and
the mass spectrometer data acquisition. Another fact that needs to be taken in mind is that the PES signals
from the continuous mode can not be exactly associated with the kinetic profiles from the pulsed mode
as the PESs are obtained from signals covering not only 8 ms but larger experimental times. On the other
hand, in the case where PES signals are large enough for both methods, the spectral features are similar
even if better defined in the continuous mode case.
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Figure 4-17. Example of raw spectral data obtained using an initial toluene concentration of 0.1% in argon, initial temperature
around 1362 K and pressure of 6.6 bar.

Another aspect which was raised during the first experimental campaigns is related to the accuracy of the
kinetic profiles. In particular, the challenge relates to the capability to extract not only qualitative but also
guantitative profiles. First, the pressure inside the mass spectrometer is subject to a strong variation after
the passage of the shock wave. But, due to restriction in the flow though the nozzle, this variation is slow
relative to the sudden rise in pressure from P1 to P5 inside the shock tube. The pressure build-up inside
the mass spectrometer chamber must be considered in order to reflect the changes on species
composition inside the shock tube. In addition, due to the non-idealities behind the reflected shock waves,
the variations in pressure during the observation time are large and may lead to changes in the mass
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spectrometer pressure and consequently in the signal levels. These changes have to be corrected too. In
conventional shock tubes / TOF-MS apparatuses, the problematic of corrections for the kinetic profiles
has been already addressed, where an internal standard (often argon) is added to the initial mixture [15].
On the other hand, the internal standard technique is not very practical at synchrotrons, as the photon
energies usually employed are relatively low and internal standards capable to ionize at these energies
but not participate to the reactions are difficult to find. An external calibration method is presented in the
results section where CO; is used as an external standard to consider for pressure fluctuations inside the
mass spectrometer chamber.

The discussion presented in the previous paragraphs indicates how obtaining a sufficient signal-to-noise
ratio signal is somehow challenging for a dynamic system as the HRRST. In fact, the maximum repetition-
rate is 1-1.5 Hertz by overheating of the valves and especially by the limited pressure allowed inside the
mass spectrometer chamber. These limitations cannot be avoided. Although this repetition rate range is
very high for a shock tube it is a low repetition rate pulsed source resulting in an effectively low duty cycle
for the i2PEPICO instrument. Still this rate is not dissimilar to pulsed photolysis sources (4—10 Hz) used
with other experiments that employ VUV- PIMS [220].

On the other side, a bigger number of counts and thus a greater signal can be obtained by increasing the
photon flux. However, considering that i?PEPICO works at very low ionization events per photons pulse
(<0.01), increasing the photon flux by changing the slit and cache can increase the so-called false
coincidences increasing the noise and consequently decreasing the S/N ratio. In general, a relatively-low
photon flux is necessary for i?PEPICO measurements. For the experiments presented here the grating slits
were kept mainly in the range of 200-400 um (average around 300 um) and cache was set between 0.8
and 1.

There are conditions for which the photon flux was varied intentionally with the goal of keeping the same
average counts per shock during continuous operation. One example is the drop in the average counts
due to partial nozzle blockage. This drop could be compensated by increasing the photon flux. When the
number counts become too small or the nozzle is fully blocked, the HRRST has to be dismounted and the
end part including the nozzle have to be fully cleaned. The procedure of venting the chamber, dismounting
the shock tube, cleaning the nozzle, mounting the shock tube, and evacuating the chambers until de
desired vacuum levels takes approximately 1 hour and 30 minutes.

For continuous acquisition mode where no kinetics is intended to be obtained, lowering the repetition
rate and delaying the products extraction from the shock tube was observed to increase the number of
counts and the signal level. This is probably linked to the residence time of the species inside the shock
tube and consequently to the amount of gas injected into the i?PEPICO chamber. This hypothesis needs
to be proven in future synchrotron campaigns.

4.2.2 HRRST at X04DB VUV beamline

Although the dimensions of the ICARE-HRRST were predetermined to make it fit at the DESIRS beamline
of synchrotron SOLEIL, some modifications can be performed in order to couple it with other European
synchrotrons. For instance, the coupling of the ICARE-HRRST with the i?PEPICO detector available at the
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X04DB VUV beamline (SLS/VUV) of the Swiss Light Source (SLS) at Paul Scherrer Institut (PSI) presented
different challenges that had to be faced before and during the experimental campaign. Even the simplest
aspects like the logistics involved in bringing the equipment to the SLS facility in Switzerland are different,
considering customs clearance and rules for scientific equipment shipment, larger travel hours and lower
error margin compared to SOLEIL which is close to the ICARE laboratory. However, the experience already
gained during the implementation of the technique at SOLEIL was crucial for the development and
implementation at the specific conditions at SLS where the i?PEPICO detector was coupled for the first
time with a high repetition rate shock tube. Only one campaign could be completed at the moment.

At SLS, electrons are accelerated along a circumference of 288 m. The synchrotron radiation (SR) is
directed to the X04DB SLS/VUV beamline using bending magnets. Then, the light is collimated and passed
through gratings being capable to produce ultraviolet monochromatic light in the range of 5-30 eV. If the
desired photon energy is higher than 15.759 eV, a 80 cm gas filter can be filled with Ne or Ne/Ar in order
to filter out higher harmonics [221]. Since photon energies used during the implementation of the
technique were kept below this level, no gas filter was used in the campaign at SLS.

The beam light enters the mass spectrometer chamber and it is aligned with the mass spectrometer’s
skimmer so that ionization of the molecular beam can occur. Electro valves and manual valves are
available after the gas filter and just at the entrance of the mass spectrometer (MS) chamber in order to
isolate the chamber from the ultra-high vacuum of the beam line when necessary. For example, when it
is required to open the mass spectrometer, venting with N, needs to be performed and isolation of the
beam line is mandatory. This is the case for the alignhment between the MS’s skimmer and the externally
coupled HRRST parts or for the change/cleaning of the HRRST nozzle. Unfortunately, a gate valve that
isolates the MS’s skimmer with the outside ambient could not be designed and constructed for this
campaign. It is clearly recommended to install a gate valve for future campaigns in order to avoid shut
down of all the system when a change in skimmers/nozzles configuration is required.

The i2PEPICO detector configuration available in X04DB SLS/VUV beamline is similar to DELICIOUS IlI, it is
a cross between TPEPICO and PEPICO apparatuses where the electron kinetic energy analysis and the ion
TOF analysis are carried out simultaneously. Electrons fly vertically into an electron flight tube to a 40 mm
position sensitive delay (PSD) line detector while ions are extracted and fly until they are detected by
another 40 mm detector. All electron and ion signals (arrival times at the detectors and image coordinate
positions) product of the ionization events are recorded by a HPTDC8 acquisition card employing a
continuous acquisition mode and the information is correlated at the same time using a coincidence
scheme. Here, the electrons provide the start signal for the respective ion TOF, and their position is
required in TOF mass selected analysis.

A Microsoft Visual C code is available to couple the HPTDC8 acquisition card driver and the measurement
user interface and this last is also integrated with the beamline control system. Spectral data obtained
from the campaign in May 2022 is still to be processed. However, the HRRST-i?PEPICO coupling presented
here is already an important contribution to the scientific community and preliminary results on ethylene
pyrolysis, a simple organic compound, will be analyzed as soon as possible.

As in SOLEIL, an external NIM trigger signal can be sent by using a Stanford DG535 DPG pulse generator
in order to use it as reference to perform chemical kinetic experiments obtaining ion TOF profiles at ns
resolution and relative to the shock arrival. On the other hand, compared to SOLEIL, the mechanical
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installation at PSI is simpler since the shock tube is placed outside the mass spectrometer vacuum
chamber, reducing the installation time, the complexity of the solutions, the time for
mouting/dismounting, and the risks for the equipment. Since no differential chamber was available in
X04DB SLS/VUV beamline, a home-made differential vacuum chamber was designhed and constructed in
order to obtain a double differentially pumped molecular beam sampling interface which allows better
vacuum performance and protection of the i2PEPICO equipment. A schematic of the assembly between
the miniature ICARE-HRRST end part with the differential chamber being coupled to the i?PEPICO detector
of SLS/VUV is presented in Figure 4-18.
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Figure 4-18. Profile section view of the end part of ICARE-HRRST being coupled with i2PEPICO spectrometer available in the X04DB
SLS/VUV beamline through the use of a custom-made differential vacuum chamber.

The ICARE differential vacuum chamber is constituted of an outer chamber and an inner chamber and
each volume was conceived to have two symmetrical and opposite accesses in order to improve
conductance for pumping purposes. It is connected to the MS chamber by using a DN-250 centering ring
and bolts ensuring its alignment with the skimmer 2 as shown in Figure 4-18. The dimensions are such
that the internal volume is optimized and at the same time the maneuvering inside the inner chamber is

possible. This is a special requirement since after the alignment between the skimmers and the end part
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of the HRRST access to the inner chamber is necessary in order to tighten the screws that clamp the
birdcage to the plate.

The HRRST end part is introduced into the inner chamber with the nozzle facing the two skimmers, one of
them held by the birdcage that is mounted inside the inner chamber (skimmer 1) and the other being
installed at the entrance of the MS chamber (skimmer 2) constituting an interface between the outer
chamber and the MS chamber. A specific end part was designed so that is can be inserted into the birdcage
with small clearance and low tolerances, assuring automatic alignment between nozzle and skimmer 1.
Also, modular terminal pieces of different lengths can be installed to set up predefined nozzle/skimmer 1
distances, as needed. The end part, and thus the entire shock tube, is axially stopped when it touches the
differential chamber outer’s face. A flange holds the HRRST in place. No CHIMIE METAL pressure sensor
was installed at the end part and longer shock wave velocity extrapolation are required, but the
uncertainty resulting from such extrapolation of within the experimental errors.
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Figure 4-19. Isometric view of ICARE-HRRST coupled with X04DB SLS/VUV beamline including support and sliding plates.
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Alignment of the skimmer 1 with skimmer 2 is done by using a laser pointer from the exterior of the mass
spectrometer vacuum chamber and when the shock tube is dismounted. An external support structure
shown in Figure 4-19 had to be designed and constructed in order to hold all the elements located outside,
including the shock tube. For the alignment, the laser is located on an aluminum platform (shown as plate
2) and axially far from the two skimmers in order to minimize long distance misalignment. The orthogonal
distance from the platform to the laser axis is the same as the distance from the platform to the shock
tube axis. The HRRST is installed on a structure that can slide relative to the surface of plate 2 over axes X
and .

Plate 2 can be rotated over small polar angles (8) and small azimuthal angles (Y) relative to the Z-axis
which is perpendicular to the floor. The height can be also adjusted. These movements are possible
because four vertical screwed rods fixed on a plate 1 pass through curved apertures in plate 2. Each rod
is fixed to the plate 1 by using 2 nuts in both sides of the plate. Plate 1 at the same time is fully fixed to
the end station structure by a set of 16 screws. This plate is equipped with two attached Bosch profile legs
that extend to the floor taking part of the shock tube and structure weight although most of the weight is
transmitted from the plate 1 to the end station structure. The legs are equipped with adjustable feet in
order to regulate the final length and keep plate 1 perfectly horizontal.

Plate 2 can be leveled and tilted by means of four nuts that support it from the bottom face and are
screwed to the four vertical rods. During the procedure for the first alignment, each nut can be regulated
independently making the laser arrive to the center of the ionization region of the MS by passing through
skimmer 1 and 2. Skimmer 1 can also be moved to the desired position since there is a radial clearance in
the groove where the birdcage is placed against the inner vacuum chamber as discussed for the
configuration at SOLEIL.

The alignment needs to be kept when moving the laser pointer towards and from the ionization region at
distances equal to the shock tube length. Once the skimmer 1 is aligned, the birdcage that is holding it is
then clamped to the face of the inner chamber by using screws. Additionally, four nuts are tightened on
the top of plate 2 to fix it and maintain the alignment of the structure.

In order to insert the end part of the shock tube in the birdcage, a sliding structure containing the shock
tube driven and driver sections as well as with the helium tank was built. The driven and driver sections
are fixed to plate 4 that is attached to four Eco-sliders allowing the Y movement over four Bosch profiles
that are attached to a horizontal plate 3. This movement is perpendicular to the shock tube axis. Plate 3
is supported on four sliders that can move on two rails attached to platform plate 2. These two rails are
parallel to the shock tube axis (X) so axial movement of at least 40 cm is allowed for the HRRST. The helium
tank is placed in a upper structure similar to the one in SOLEIL. The described configuration allows the
whole shock tube to be fully movable on the XYZ axes and with the possibility to adjust angles relative to
Z axis too. This makes the mounting and dismounting operations relatively simple and fast while
conserving the alignment between the skimmers and the nozzle.

When the end part is being inserted into the birdcage it is stopped by the outer face of the differential
chamber and an external holding flange can be clamped to the differential chamber DN-250 flange with
screws in order to compress the end part against the differential chamber’s outer face as can be noticed
in Figure 4-18. After this procedure is finished, the shock tube is completely fixed to the differential
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chamber and the mechanical coupling between the HRRST and i2PEPICO detector is aligned and ready to
perform other tests and experiments.

Concerning the pumping of the system, two vacuum circuits were built in situ for the differential chamber.
Both inner and outer vacuum chambers are pumped independently by three turbo molecular pumps. A
set of two turbos constituted by one 145 I/s air cooled Leybold TurboVac 151C and one 60 I/s water cooled
Pfeiffer vacuum TMU 071 were connected to the two accesses of the outer chamber by means of 40 KF
connectors and reductions while one 300 I/s air cooled Leybold TurboVac MAG W 300 iP was connected
to the two accesses of the inner chamber using a reduction from 1SO 100 to KF 40, an ISO 100 tee and KF
40 bellows. One of the two inner chamber accesses was also used to install a K type feedthrough
connected to a K type thermocouple. Th thermocouple is introduced inside the inner chamber and
attached on the end part of the shock tube close to the end-wall in order to measure and record T1 by
the shock tube LabView software via a NI-DAQ temperature module.

A bypass between the mass spectrometer chamber and the inner chamber of the differential chamber
was constructed by using KF 40 bellows and clamps. Initially, the bypass is opened and the primary pump
of the mass spectrometer chamber among with the primary pump of the differential chamber are started
together. After the pressure levels are in the range of 10! torr, the MS and differential chamber turbos
are started all together. After pressure in the differential chamber reaches ranges of 1073 torr the bypass
is closed to isolate the pumping circuit of the MS and the inner chambers and obtain the desired vacuum
levels and pumping capacities for the specific required load in the different supersonic jet expansion
stages. This operation allows a faster pumping of the vacuum chambers when system is restarted since
the i2PEPICO vacuum chamber is pumped by a robust system composed of a 1500 I/s COOLVAC 1500 CL
cryopump and a 500 |/s Pfeiffer TMH 521 YP turbomolecular pump. During the initial tests, several shock
tube experiments were run making attention that the different vacuum chamber minimum level ranges
are kept in the safe ranges (10 torr for the MS chamber and 102 torr for the inner chamber). No gauge
was installed in the outer chamber during this campaign.

All the auxiliary electronics of the shock tube were kept the same as in SOLEIL. All the structures were
grounded and a chiller was provided by SLS to cool down the Edwards-EH500 root vacuum pumps used
to evacuate the shock tube.

The first campaign at SLS was useful to test the coupling between the ICARE-HRRST and the X04DB VUV
beamline (mechanical and electronic) as well as to improve our understanding of the system and
necessary improvements for future campaigns. Indeed, the system constructed to hold the HRRST and to
align the nozzle with the two skimmers through the double differential pumping chamber was accurate
and of easy utilization. On the other hand, the SLS software required certain modifications for data
acquisition synchronized with the HRRST operation and the general functioning of the electronic controls
faced several challenges. In particular, ground loop noise appeared several hours after the start of the
experiments triggering the opening of the high-pressure valve at random times during the HRRST cycle
and thus preventing the correct functioning of the system. Despite several attempts to solve the problem,
a solution could not be found. Thus, only preliminary data on ethylene pyrolysis could be obtained before
the ground loop issue appeared. Future tests are necessary with the HHRST electronic system at SLS
before next campaigns can be planned.
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5 Experimental Results

In this chapter, the experimental results obtained during the present thesis work are presented and
discussed. The experimental campaigns with the HRRST coupled to the iPEPICO spectrometer available
at synchrotron SOLEIL are the main core of the work, including development and implementation of a
state-of-the-art experimental technique. The first ever campaign was concluded in January-February 2020
where ethanol pyrolysis was studied. The results are presented to highlight the functionality of this novel
experimental coupling and the potential utilization in kinetic studies. Following improvements in the
method, the campaign of September 2021 was focused on pyrolytic PAH chemistry from aromatic fuels,
for the first time probed in such details with this analytical system. The work includes also the
development of an external calibration method for quantitative studies. During the campaign, an
impressive amount of time dependent spectral information on toluene, ethylbenzene, and styrene
decomposition was retrieved, and the experimental results will be extensively discussed here. No
experimental results will be presented from the campaign to PSI in Switzerland in May 2022 where
ethylene pyrolysis was studied. However, all the description of the system, including the challenges
encountered during the implementation of the technique, can be found in the methodology section.

Results on pyrolytic PAH formation from the decomposition of styrene using the SPST coupled to GC-
GC/MS will be then presented together with preliminary prediction results obtained with the ICARE PAH
chemical kinetic model. Finally, results on soot nanoparticles measurements using the HST coupled to
laser extinction techniques will be discussed in order to provide further understanding on the soot
tendency of the ethylbenzene and styrene fuels. The list of all the experimental conditions presented in
this chapter are shown in the next table:

Table 5-1. List of evaluated conditions using different laboratory-based and synchrotron-based shock tube techniques

Fuel and % molar concentration Conditions ST/Technique #exps ~
Ethanol 2.7 % in argon 1232 K, 7.4 bar, 11eV, pulsed mode HRRST/i’PEPICO 15 000
Ethanol 2.7 % in argon 1234 K, 7.5 bar, 10 eV, pulsed mode HRRST/i’PEPICO 27 000
Ethanol 2.7 % in argon 1525 K, 7.5 bar, 10 eV, pulsed mode HRRST/i’PEPICO 32 000
Ethanol 0.25 % in argon 1354 K, 6.2 bar, 11 eV, pulsed mode HRRST/i’PEPICO 9 000
Toluene 0.1% in argon 1362 K, 6.6 bar, 10 eV, pulsed mode HRRST/i’PEPICO 107 000
Toluene 0.1% in argon 1351 K, 6.4 bar, 8.5 eV, continuous mode HRRST/i’PEPICO 41 000
Ethylbenzene 0.1% in argon 1326 K, 6.7 bar, 10 eV, pulsed mode HRRST/i’PEPICO 27 000
Ethylbenzene 0.1% in argon 1339 K, 6.8 bar, 8.5 eV, continuous mode HRRST/i’PEPICO 29 000
Styrene 0.1% in argon 1345 K, 6.5 bar, 10 eV, pulsed mode HRRST/i’PEPICO 22 000
Styrene 0.1% in argon 1355 K, 6.5 bar, 8.5 eV, continuous mode HRRST/i’PEPICO 41 000
C020.1% in argon 1376 K, 6.6 bar, 14.5 eV, pulsed mode HRRST/i?PEPICO 6 000
Styrene 100 ppm in argon 1170 K-1733 K, 20 bar SPST/GC-GC-MS 34
Ethylbenzene 0. 0613% in argon 1560 K-1939 K, 17.6 bar HST/laser 34
Styrene 0. 0613% in argon 1567 K-1942 K, 17.9 bar HST/laser 42

356 100
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5.1 Pyrolysis of Ethanol using HRRST/i2PEPICO

The experiments on ethanol (C;HsOH) pyrolysis were carried out with the DELICIOUS Il i2PEPICO
spectrometer available at the SAPHIRS end station of the DESIRS beamline at synchrotron SOLEIL. This
was the first time a shock tube was coupled to an i?PEPICO detector. The description of the installation
was previously discussed. The rationale behind the focus on ethanol is the fact that ethanol is one of the
main biofuels already used blended with conventional fuels, and a widely studied molecule, with available
experimental [222]-[227] and theoretical [225], [228]—-[230] literature, that can help in the selection of
the experimental conditions and in the understanding of the produced results. Besides, by changing the
reaction temperatures, ethanol pyrolysis can pass from non-sooting to sooting regimes, exhibiting a wide
range of detectable molecules from small hydrocarbon to large PAH species, respectively. This
characteristic allowed the exploration of different functionalities of the technique.

Four experimental conditions were evaluated to test the capabilities of the system in a temperature range
of 1232 - 1525 K, pressures of 6.2 - 7.5 bar, with high and low ethanol concentrations (2.7% and 0.25% in
argon bath gas, respectively), and photon energy of 10.0 eV and 11.0 eV. The four experimental conditions
tested in this section are listed in Table 5-2 specifying the number of averaged shocks for each case:

Table 5-2. The four experimental conditions tested in ethanol pyrolysis experiments at SOLEIL synchrotron

Exp cond.  Ts, mean Ps, mean Ethanol % Photon energy #of exps
Eth 1 1232 K, 0=19K 7.4 bar, 0=0.2 bar 2.7 11eV 15000
Eth 2 1234 K, 0=19 K 7.5 bar, 0=0.2 bar 2.7 10 eV 27 000
Eth 3 1525 K, 0=55 K 7.5 bar, 0=0.2 bar 2.7 10 eV 32 000
Eth 4 1354 K, 0=23 K 6.2 bar, 0=0.1 bar 0.25 11 eV 9 000

The reason why a photon energy of 11 eV was chosen for this campaign comes from the fact that ethanol
has a photoionization energy of 10.41 + 0.05eV [231] and its detection was initially desired together with
ethylene (C;H4, 10.50 £ 0.01 eV [232]), one of the major products from reaction R 5-1. However, since the
concentrations of the fuel and the main products are relatively high, the false coincidences from their
respective photoions generate an increased background noise that can produce a masking effect for the
small concentration species, lowering the sensitivity and quality of the results. For this reason,
experiments at a lower photon energy of 10 eV were conducted in order to be able to detect species
present in lower concentrations like PAHs, without ionization of the fuel molecule and ethylene.
Additionally, based on the current knowledge of three main channels for the thermal decomposition of
ethanol at high temperatures [224]-[226], [229] (R 5-1 - 5-3), the expected products include acetaldehyde
from the thermal decomposition of CH,0OH, and the relatively stable CHs radicals. CH,OH and C;Hs are not
so probable to be detected because the dissociation rates (> 107 s 1) are very high at the studied
temperatures. The same happens with OH radicals which are very low concentration with very short life.
C1-C6 hydrocarbons can be detected with a photon energy of 11 eV while PAHs can be detected using 10
eV, as mentioned above.
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CszoH = CzH4 + H20 R 5-1

C,HsOH = CH; + CH,0H R5-2

C,HsOH = C,Hs + OH R5-3

In addition to variating the reaction temperatures and the photon energies, two different ethanol
concentrations were tested. Initially, the concentration was set at 2.7 % ethanol in argon in order to obtain
sufficient signal levels, so these results are presented first. However, highly diluted mixtures are preferred
for kinetic analysis as more accurate experimental conditions are obtained. The second mixture was then
diluted around ten-times, down to 0.25% ethanol in argon. The signal levels were kept acceptable even
for a lower fuel concentration because of adjustments performed to the molecular beam sampling
strategy. In particular, the choices of the skimmers and nozzle diameters and the separation distances
were also part of the learning experience as they strongly influence not only the signal levels but also the
quality of the results. In the first experiments, such parameters were chosen with the goal of assuring the
integrity of the mass spectrometer during operation, while in the following studies they were optimized
based on the experimental results. All the details of the nozzle/skimmers configurations will be presented
in the discussions including the best sizes and separations found during the campaign. Similarly, several
weak points to be improved were also identified and discussed here. In general, this section focuses in
how to exploit the experimental capabilities of the unique HRRST/i?PEPICO coupling and not to present a
detailed kinetic analysis on ethanol pyrolytic decomposition. The results presented in this chapter
constitute a demonstration of the potential of the developed methodology and they are the basis of
subsequent studies presented later in the thesis.

5.1.1 Experiments with high ethanol mole fractions (0.027)

A molar concentration of 2.7% ethanol diluted in argon was used for three experimental conditions. Two
electroformed nickel nozzles (Servometer) with diameters of 0.35 mm and 0.4 mm were used. Regarding
the skimmers, the skimmer 1 was a Beam Dynamics Model 2 of 0.5 mm orifice diameter while the orifice
of skimmer 2 located at the entrance of the MS chamber was 2 mm. The distance between the tip of
skimmer 1 and the nozzle was set to 3.2 mm since it is the point where the maximum quenching of the
reactions can be reached for the supersonic jet [233] while keeping safe pressure levels inside each
vacuum chamber as discussed in the methodology. The repetition rate was kept at 1 Hz and at the end of
the experimental campaign it was increased to 1.5 Hz without degradation in the performance of the
system and without risks for the instruments.
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5.1.1.1 Low temperature, 11.0 eV photon energy

Around 15 000 shock tube experiemnts were performed at an average temperature Ts of 1232 K and
average pressure of 7.4 bar (P5/P1 ~ 25) with a photon energy of 11 eV. The data were acquired using the
so-called pulsed mode already discussed in the methodology and all the experiments were averaged
obtaining a matrix of single ionization events as function of ion time-of-flight, and the electron time-of-
flight (eiTOF), as the one presented in Figure 4-17. The eiTOF matrix was integrated over 7.8 ms, including
the ionization events occurred during 1.25 ms of the pre-shock, and the resulting mass spectrum is shown
in Figure 5-1a.
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Figure 5-1. a) Mass spectrum obtained for Tsmean = 1232 K, Ps,mean = 7.4 bar, 2.7% ethanol in argon. A: propyne, B: propene/ketene,
C: acetaldehyde + vinyl alcohol, D: diacetylene, E: vinylacetylene, F: 1,3 butadiene, also possibly 1-butyne. Photon energy 11.0 eV.
b) temporal profiles of ethanol (red), ethylene (green), and acetaldehyde (black), with a vertical line distinguishing pre-shock and
post-shock area.

The mass spectra has signal contributions from ionization events occurred in the pre-shock region and the
post-shock conditions including after the arrival of the rarefaction waves. Before the shock arrival the
only expected species contributing to the mass spectrum would be the parent ion of ethanol (m/z 46)
and C;HsO* (m/z 45) since dissociation of ethanol can occur at a photon energy of 11 eV considering the
photoionization energy of C;HsO* as 10.8 eV [234]. At post-shock conditions the pyrolysis products from
the decomposition of ethanol start appearing and they are reflected in the mass spectrum. As expected,
there are two big signals at mass over charge ratio m/z 28 and m/z 46 attibuted to ethylene (CoHs4, m/z
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28) and ethanol (C;HsOH, m/z 46). The i?PEPICO technique has the unique characteristic to confirm this
attribution by providing the VMI-photoelectron images of each mass in the mass spectrum. For example,
for the case of m/z 28 the 2D Abel-inverted photoelectron image is presented in Figure 5-2a. The 2D Abel-
inverted photoelectron images contain information on the vibrational states of the molecules and are
used to extract the photoelectron spectra (PES) as a function of the binding energy. The binding energy is
related to the energy required to remove an electron from the compound and comes from energy balance
between the inlet photon energy (in this case, 11 eV) and the measurement of the ion and electron kinetic
energies at the position sensitive detectors PSD. For the i?PEPICO detector available at SOLEIL, the binding
energy range spans 3-4 eV from the applied photon energy. The PES is denoted in arbitrary units like the
one presented for m/z 28 in Figure 5-2b were literature PES for ethylene was compared with the obtained
PES for m/z 28. The two signals can confirm that effectively ethylene is the molecule that corresponds to
the measured m/z 28 since they match perfectly the positions and relative heights of the three sharp
peaks.
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Figure 5-2. a) Photoelectron image corresponding to m/z 28; b) comparison of photoelectron spectra for m/z 28 (experimental)
and ethylene [235]

Other products were also identified by using the correspoding PESs as presented in the supplementary
material where the photoionization energies of these species match the experimental data. This is the
case for formaldehyde (CH,O, m/z 30), propyne (mz 40), propene/ketene (m/z 42), acetaldehyde/vinyl
alcohol (CH3CHO and CH,CHOH, m/z 44), and vinylacetylene (m/z 52). From the available PES data it can
be concluded that the S/N level obtained is big enough to provide reliable identification with the
HRRST/i?PEPICO coupling. Specifically for isomers of C4Hs (m/z 52), three possibilities could contribute to
the signal as shown in Figure 5-3a but the peaks locations and heighs confirm that vinylacetylene is the
predominant species. The reason why the experimental PES peaks for m/z 52 are too broad compared to
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the literature one is because the signal is small in this condition, as can be noticed in the m/z peak ‘E’ of
the mass spectrum of Figure 5-1a. Thus, PES resolution is decreased because the available photoelectron
images had to be binned during the Abel inversion process in order to increase the S/N per pixel. It is
possible that there could be a small contribution from 1,2,3-Butatriene to the overal signal around 9.25
eV, fact that can be confirmed with the next experimental condition where the PES will be cut at 10 eV
and a better resolution in that zone will be obtained. Last thing that can be seen is that the presence of
cyclobutadiene can be excluded from the analysis since none of the spectral characteristics of the
respective literature PES matches the ones in the obtained experimental PES for m/z 52.
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Figure 5-3. a) Photoelectron spectra for m/z 52 (experimental), vinylacetylene [236], 1,2,3- butatriene [237], and cyclobutadiene
[238]. Photon energy equal to 11.0 eV. b) Photoelectron spectra for m/z 54 (experimental), 1,2 butadiene [239), 1,3 butadiene
[240], 1-butyne [240], 2-butyne [240], bicyclo butane [241], methyl cyclo proapane [242].

Oppositely, for m/z 54, it is not possible to exclude with certainty the presence of 1-butyne isomer since
the first two peaks of 1-butyne literature PES could be associated to the two peaks at 10.1 eV and 10.4 eV
in the experimental PES as shown in Figure 5-3b. The only candidate isomer peaking exactly at the same
position of the first peak in the experimental PES for m/z 54 is 1,3 butadiene. For a case like this, more
experiments need to be done in order to increase S/N and thus the PES resolution.

Figure 5-5b presents the case of m/z 44, another major peak in Figure 5-1a. Acetaldehyde (C,H40) was
attributed as main product for m/z 44 while ethylene oxide (C2H40) can be excluded. However, a minor
species vinyl alcohol (CH,CHOH) was detected, as some of the characteristics from the literature PES
coincide with the experimental profile. In the following sections, the use of different experimental
conditions will clarify the presence of such species, demonstrating at the same time the capabilities of the
experimental method. This result complements the data found using shock tubes coupled to TOF/MS
where based on modeling, the peak at m/z 44 was attributed only to acetaldehyde at similar temperature
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conditions, excluding the presence of vinyl alcohol [223]. This ability to distinguish isomers at very
different concentrations, including low concentration ones, constitutes one of the main advantages of the
HRRST/i2PEPICO technique coupled to a tunable light source.

For the case of m/z 42, two isomer candidates are shown in the annex A 2 (propene and ketene), but for
both of them the literature PES seems to peak at similar points making more challenging to identify which
can be assigned to the experimental PES. Different experiments should be implemented in order to be
able to discriminate between the two species in such a challenging task. In general, identifying species
with similar PESs can be very challenging if the corresponding features match with the experimental
results, and this constitutes one of the disadvantages of the HRRST/i?PEPICO technique.

As discussed before, ion kinetics studies can be addressed if the eiTOF matrix is projected to the ion TOF
for each selected mass. Embedded to the mass spectrum, Figure 5-1b presents time profiles (raw data)
for the three main peaks of the mass spectrum which correspond to ethanol (in red, m/z 46), ethylene (in
green, m/z 28), and acetaldehyde + vinyl alcohol (black, m/z 44). The vertical line represents the shock
wave arrival dividing the pre-shock and post-shock regions.

It is well known that large and rapid pressure fluctuations inside the shock tube as well as inside the MS
chamber induce changes in species concentrations inside the mass spectrometer chamber that are
reflected in these time profiles. For this reason, an external calibration method will be presented later
where an inert gas (CO,) can be implemented to run shocks and correct the i?PEPICO time profiles signals
by considering for pressure fluctuations and changes in concentration inside the vacuum chamber. This
will allow the quantification of species concentration using HRRST/i2PEPICO technique. Nevertheless, the
temporal profiles shown in Figure 5-1b can be considered as pseudo-concentration profiles and serve as
a qualitative indicator of how species evolve during the reaction time. For the ethanol profile, the baseline
shows the measurement of species at pre-shock P1 conditions and then an immediate increase of the
signal occurs when the shock wave arrives around 1.25 ms due to the sudden increase in the post-shock
pressure. In ideal conditions the signal should increase rapidly in less than 1 microsecond but in this case
the signal does not follow the rise in Ps due to the pressure build up inside the mass spectrometer
chamber. Additionally, because of the stochastic nature of the formation of shock waves and their arrival
at the end-wall, the resulting time profile rise from the averaged spectral information can be influenced
and broadened. An additional postprocessing can be performed to the kinetic data to account for such
factor. In particular, every ionization event is tagged by shock tube experiment number and time arrival,
so that all the ion signals can be re-adjusted with respect to the shock wave arrival time. This could
produce better time profiles in terms of initial rise slope. However, this would imply huge amount of data
postprocessing. Instead, the external calibration method proposed later reduces this problematic.

It can also be noticed that parallel to ethanol decomposition, ethylene and acetaldehyde are formed.
These time profiles can be qualitatively compared with closed homogenous reactor simulations in order
to validate models, similar to the assessments in previous HRRST/VUV-PIMS works [81], [82]. For example,
modeling of ethanol pyrolysis was performed in COSILAB using the CRECK model at same Ts = 1232 K and
Ps = 7.4 bar conditions [243], [244]. In these simulations, the PCB pressure profile obtained at similar
conditions averaging thousand experiments in the laboratory was included to assure correct
interpretation of the experimental results. The shape of the pressure profile from the shock arrival until
700 ps is presented in Figure 4-9b.
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The simulated and filtered experimental time profiles over 700 ps for certain products, e.g. ethylene (m/z
28), acetaldehyde (m/z 44), and formaldehyde (m/z 30), are presented in Figure 5-4. A very good
qualitative correspondence between both information is found in terms of appearance order, raising
velocity and relative concentration variation over time for the species. These analyses are quite simplified,
as the relative response can be affected by the Pl cross section of the specific species, but the results give
confidence in the validity of the data.
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Figure 5-4. Time profiles for ethylene and m/z 28 (green), acetaldehyde and m/z 44 (black) and formaldehyde and m/z 30 (pink).
a) Simulations with CRECK model [244]; b) experimental profiles.

In order to further advance in the analyses on the capabilities of the new HRRST/i?PEPICO technique, a
qualitative comparison between experiments and simulations need to be performed. First, the rate-of-
production analyses with the integrated rates over 700 us reaction time were extracted from the COSILAB
simulations and shown in Figure 5-5 to identify the formation of the main products observed
experimentally. No production of vinyl alcohol (CH,CHOH) is predicted in the main primary reaction
pathways of ethanol. Vinyl alcohol may indeed come from the H-loss/abstraction from the terminal
carbon atom of the CH3sCHOH radical and from the central carbon atom of the CH3CH,OH radical. The
integrated rate of production scheme shows how 15 % of the fuel decomposes directly to ethylene (C;Ha)
while 24 % also goes to ethylene though the formation of the CH,CH,OH radical. Around 7 % of the fuel
decomposition leads to the formation of formaldehyde (CH.O) while the production of acetaldehyde
(CH3CHO) mostly comes from the decomposition pathways of CHsCHOH, which is produced by H-
abstraction reactions (49% of the fuel decomposition rate).
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Figure 5-5. a) Integrated rates of production, 2.7% C,HsOH in argon, Top = 1232 K, Po = 7.4 bar. The percentages refer to the
consumption of the reactant species, the arrow thickness is proportional to the corresponding flux. CRECK model [244]. b)
Experimental PES for m/z 44, literature PES for Acetaldehyde [245], Vinyl alcohol [245], Ethylene oxide [246].

As mentioned, ethylene, acetaldehyde (CHsCHO) and formaldehyde (CH,O) are predicted as main
products of the ethanol pyrolysis, while vinyl alcohol formation is not considered in the CRECK model. On
the other hand, before comparing the relative concentrations of experiments and simulations, the
contribution of the vinyl alcohol to the experimental PES needs to be determined first and subtracted
from the total signal. For this, a convolution process can be realized where the two literature PES for
acetaldehyde and vinyl alcohol are combined and best-fitted to get a sum of convolved isomer PES that
matches the experimental PES using the following equation:

PES(m/z= 44@11eV) = cl- Oacetaldehyde @11eV * PESacetaldehyde

+c2- Oyinyl alcohol @11eV * PESvinyl alcohol 5-1

In this equation, o represents the photoionization cross sections (PICs) of each isomer at the photon
energy used, in this case at 11 eV. PICs are function of the tendency of the molecule to get ionized at an
specific photon energy, and it is expressed in megabarn (1 Mb = 10" cm?). The constants c1 and c2 are
proportionality constants that minimize the mean squared error (MSE) between the convolved curve and
the overall experimental curve and the relative concentration to the signal between the species is denoted
by the ratio between them (c1/c2). Since the available literature and experimental PES are found in
arbitrary units, all signals are normalized to 1 for the analyzed range of binding energies before starting
the optimization of the constants. The relative concentration between acetaldehyde and vinyl alcohol
was found to be (4+1):1. This procedure can be applied to each m/z of the mass spectrum where even
more than two species are present. For instance, the analysis can be extended to cases where numerous
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options of isomers are being identified by adding new terms to the Equation (5-1) corresponding to the
different compounds whose relative concentrations for the same m/z are required.

In order to get the relative concentrations between species of different m/z like ethylene (CyHa),
acetaldehyde (CH3;CHO), and formaldehyde (CH,0), an integration of the corresponding mass spectrum
peaks or time profiles can be performed. In this way, an integration of the time profiles shown in Figure
5-4 was realized which is representative of the branching ratios for the fuel decomposition pathways.
Although a full chapter is dedicated later on the quantification of species concentrations, for simplicity,
the equation (5-2) is here employed in first approximation. The signal value of a species x (Sx) is
proportional to the product concentration ([x]), the photoionization cross section of the respective species
(PICS, ox@11ev) and the mass discrimination factor (D), among other factors that will be discussed in detail
in the next chapter. With this approximated procedure, the relative concentration ethylene:
acetaldehyde: formaldehyde was found to be 54:36:10 for the simulations and 59:35:5 for the
experiments after vinyl alcohol contribution is subtracted.

Sy @ [x] - ox,@11ev " D 5-2

Although the time dependent signal (Sx) is influenced by the pressure variations in the mass spectrometer
chamber, the uncertainty is reduced by applying an integration over 700 us. Additionally, there is an
uncertainty associated to the value of the PICS that usually can reach values higher than 20%.
Experimentally determined PICS employed for ethylene, acetaldehyde, and formaldehyde at 11 eV are 8.1
Mb [247], 7.9 Mb [248], and 9.6 Mb [249], respectively. In addition, the mass discrimination factor was
assumed 1 since these effects, associated to the molecular beam sampling, introduce small error in the
determination of the concentrations. Cool et al. have determined a mass discrimination factor of 0.6-1.0
for a m/z range of 28-44 for a molecular beam sampling with similar characteristics using VUV-PIMS [19].
Even like this, the agreement between the relative concentrations for the simulations and experiments is
good, especially considering that CRECK model has not been validated at the conditions studied here.

To summarize, the HRRST/i?PEPICO system was implemented to obtain PESs with enough quality to
identify most of the main isomers produced during ethanol pyrolysis including the relative concentrations
of main species with the same molecular masses. However, signal levels were not always enough to
distinguish species with similar PESs. Some signal improvements can be obtained in order to increase the
PES resolution and different photon energy can be used as presented next. This will also increase
detection sensitivity for minor species observed in the mass spectrum. Additionally, the time profiles
allowed the determination of the relative concentrations between species of different masses and results
were compared with kinetic simulations using CRECK model with good agreement. An external calibration
method will be discussed in next chapters in order to obtain more detailed qualitative information.

86



5.1.1.2 Low temperature, 10.0 eV photon energy

The photoionization energy was reduced to 10.0 eV in order to reduce the background noise due to the
false coincidences from ionization of ethanol and main products (mainly ethylene) and be able to capture
minor species, including aromatic species, that ionize below this energy value. The experimental set was
conducted at similar conditions than the experiments realized at 11 eV previously presented (Ts = 1234 K
and Ps = 7.5 bar, average values). An increased number of experiments of 27 000 was obtained in order
to increase the S/N ratio for the small products. All the experiments were averaged over a time span of
7.8 ms (1.25 ms pre-shock, 6.55 ms post-shock) to obtain the mass spectrum presented in Figure 5-6.
Several differences can be found when analyzing the mass spectrum obtained at 10 eV compared to the
one obtained at 11 eV. The first big difference is that the major species (ethylene, m/z 28, ethanol, m/z
46, and m/z 45) don’t appear in the mass spectrum of 10 eV due to their photoionization occurs threshold
greater than 10 eV. Several other masses with minor concentrations appear to be detected at 10 eV like
m/z 66, which was identified mainly as cyclopentadiene although the presence of other isomers could not
be completely discarded as shown in the annex A 3. The same situation for m/z 78, where benzene can
be attributed as the major species although other isomers could be also associated to this mass. For other
peaks like m/z 50, 56, 58 and 68 the experimental PES signal is too small to obtain a correct identification
of the species involved in the ethanol chemistry. It is important to notice from the mass spectrum
obtained at 10 eV that a new peak observed at m/z 15 corresponds to the methyl radical confirming
ethanol decomposition pathway through the reaction R 5-4. Considering the short life and small
concentration of a radical like methyl, its detection using the HRRST/i?PEPICO configuration is a very good
achivement since at this stage these initial experiments were still in an exploratory stage.
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Figure 5-6. Mass spectrum obtained for Tsmean = 1234 K, Psmean = 7.5 bar, 2.7% ethanol in argon. A: allene, B: propene/ketene, C:
vinyl alcohol, D: mass 50, E: vinylacetylene, F: 1,3-butadiene (possible contribution from 1,2-butadiene), G: m/z 56. H=m/z 58, I:
cyclopentadiene, J: m/z 68, K: benzene. Photon energy 10.0 eV.
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These results demonstrate that complex mixtures of gaseous species cannot be fully resolved with the
use of only one photon energy. In addition to the detection of different species, the capability to
determine the isomers might be affected by the photon energy. For example, in 11 eV data, because of
the low concentration of vinyl alcohol, it was difficult to confirm the presence of this isomer for m/z 44.
The photoelectron spectra comparison for m/z 44 obtained with photon energy equal to 11.0 eV and 10.0
eV is presented in Figure 5-7. It can be seen that the PES obtained at 10 eV clearly confirms the presence
of vinyl alcohol in the mixture since the reference PES for this species perfectly coincide with the spectral
characteristics of the experimental PES for m/z 44. No contribution from other isomers is found in 10 eV
PES for m/z 44 since the photoionization of these species are higher than 10 eV. Thus, vinyl alcohol is the
only species contributing to the peak located at m/z 44 in the mass spectrum of Figure 5-6.

Similarly, another situation where the experiments at 10 eV helped to clearly identify the species concerns
m/z 52. The photoelectron spectra comparison for m/z 52 obtained with photon energy equal to 11.0 eV
and 10.0 eV are presented in Figure 5-8. The PES obtained at 10 eV is much sharper than the one obtained
at 11 eV because the photoionization energy of the isomers of m/z 52 are less than 10 eV. Then, a better
correspondence between the reference PES of vinylacetylene and the experimental PES for m/z 52 is
obtained at 10 eV, in comparison with the one at 11 eV. However, for cases where there is not possibility
to run experiments at different photon energies intending to targeting different species, the experiments
at higher photon energies are still useful to determine the identification of some crucial species. This is
the case for vinylacetylene, whose identification is possible with 11 eV PES for m/z 52 only, even if the PES
for m/z 52 obtained at 10 eV is much more well resolved as represented in Figure 5-8. Anyway, the
combined information obtained at different photon energies provide more insights compared to a study
realized using only one photon energy because it allows the identification of a number of species with
very different masses like the fuel molecule, the major products, and several other minor compounds.
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Figure 5-7. Photoelectron spectra comparison for m/z 44 (experimental), acetaldehyde [245] , ethylene oxide[246] and vinyl
alcohol [245] . Photon energy equal to a) 11.0 eV, b) 10.0 eV.
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Figure 5-8. Photoelectron spectra comparison for m/z 52 (experimental), vinylacetylene [236], 1,2,3- butatriene [237], and
cyclobutadiene [238]. Photon energy equal toa) 11.0 eV, b) 10.0 eV.

For other cases, the identification of isomers is more challenging. For instance, the corresponding signal
contribution for m/z 40 from allene can be guessed when analyzing the experimental PES. As presented
in the supplementary material on the 10 eV results, the experimental PES signal obtained for m/z 40 is
very noisy which complicates the assignation of allene to this mass. In addition, the photoionization
energy of allene is very close to 10 eV and the PICS is very small [245]. However, one of the main peaks in
the reference PES for allene clearly matches one of the peaks for the experimental PES obtained at 10 eV
photon energy as well as other peak of this species matches the experimental spectra obtained at 11 eV
where propyne is the major species as shown in the supplementary material (11 eV results). Better results
could have been obtained if a slightly higher photon energy of 10.2 eV was used instead of 10 eV. In any
case, propyne does not contribute to the peak located at m/z 40 in the mass spectrum presented in Figure
5-6 because it ionizes after 10 eV and the PES evidence leads to the conclusion that allene is the main
contributor in that peak of mass spectrum obtained at 10 eV.

These examples evidence one of the potentials of the proposed technique, which is the capability to
identify one specific isomer inside a complex mixture if the correct photon energy is selected.
Unfortunately, it does not work for all the cases. Even if a better resolution of the experimental PES for
m/z 42 is obtained at 10 eV compared to the one obtained at 11 eV, the differentiation between propene
and ketene is impossible with the current configuration due to the fact that both isomers have similar
spectral characteristics and their reference PESs are very similar. Other efforts should be addressed in
order to resolve this challenge.
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5.1.1.3 High temperature, 10.0 eV photon energy

An attempt for the identification of PAH products was performed with the aim of testing the capabilities
of the HRRST/i?PEPICO system on such relevant subject. In this case, the temperature was increased to
allow production and detection of the PAH species. A new set of 32 000 experiments at reaction conditions
of Ts = 1525 K, 0= 55 K, and Ps = 7.5 bar, o= 0.2 bar was conducted in order to obtain the mass spectrum
presented in Figure 5-9. The photon energy was kept at 10 eV because this allows the photoionization of
PAH molecules while hiding the major species that ionize at higher energy and that could increase the
background noise. The physical configuration of the molecular beam sampling system remained the same
for this set compared to the previous cases.
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Figure 5-9. Mass spectrum obtained for Tsmean = 1525 K, Ps,mean= 7.5 bar, 2.7% ethanol in argon. A: m/z 38, B: propargyl radical,
C: allene, D: propene/ketene, E: vinyl alcohol, F: m/z 50, G: vinylacetylene, H: 1,3 butadiene/2-butyne, I: 1,3-pentadiyne, J:
cyclopentadiene, K: triacetylene, L: m/z 76, M: benzene, N: m/z 90, O: m/z 92, P: m/z 98, Q: phenylacetylene, R: styrene, S:
indene/p- methylphenylacetylene, T: m/z 126, U: m/z 128, V: m/z 152. Photon energy 10.0 eV.

Regarding the detected masses, several peaks are common to the low temperature experiments like the
ones assigned to methyl radical (m/z 15), vinyl alcohol (m/z 44), cyclopentadiene (m/z 66), vinylacetylene
(m/z 52), allene (m/z 40), propene/ketene (m/z 42). However, several new peaks are noticed in the mass
spectrum compared to the lower temperature experiments realized at 10 eV. Specifically, another radical
was found at this temperature conditions. This is the case of propargyl radical (m/z 39) as well as linear
compounds like 1,3-pentadiyne (m/z 64), triacetylene (m/z 74), and the C¢H4 isomers (E)- and (Z)-1,5-
hexadyine-3-yne (m/z 76). A contribution to m/z 76 coming from o-benzyne could not be confirmed due
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to the lack of sharpness of the obtained experimental PES for this peak that did not allow the assignment
of the features of the reference photoionization energies for this diradical intermediate. The
corresponding photoelectron spectrum comparisons for these masses are presented in the corresponding
annex A 4 for this case and any improvement in signal could be done by increasing the number of
experiments or by increasing the amount of mass that enters the photoionization region in order to
increase the number of ionization events.

On the other hand, very well resolved photoelectron spectra for several masses greater than m/z 78 was
obtained and these are presented in the PES comparisons of Figure 5-10. Due to the relatively high
concentration of benzene at higher temperatures also evidenced in the mass spectrum, the PES for m/z
78 presents higher S/N and thus very sharp spectral characteristics which exactly coincide with the
reference PES for this single-ring aromatic molecule as shown in Figure 5-10a. From the comparison, other
CsHe isomers could be excluded except for the presence of fulvene whose second peak of its reference
PES located at a binding energy of around 9.55 eV coincides with the second larger peak of the
experimental PES for m/z 78. However, the addition of this species would generate an additional peak
located at 8.5 eV that is not clearly observed in the experimental PES. Experiments at photon energies
close to 8.8 eV would clarify the presence of fulvene as found in a similar study using a low pressure
premixed sooting flame [91]. Other monoaromatic compounds like phenylacetylene (m/z 102) and
styrene (m/z 104) were also identified with excellent correspondence by using well defined experimental
photoelectron spectra as presented in Figure 5-10b and Figure 5-10c, respectively.

Regarding the multi-ring structures, several PAH compounds were detected with m/z up to 152 using the
HRRST/i?PEPICO combination at high temperatures including m/z 116, 126, 128, and 152. For instance,
Figure 5-10d compares the experimental PES obtained for m/z 116 with the reference PES for several
isomer candidates. The comparison resulted in the exclusion of several isomers as well as the
identification of indene, phenylpropadiene and p-methylphenylacetylene. In order to be able to
discriminate between these three isomers a more resolved experimental PES should be obtained. Anyway,
even if the S/N ratio is small for these minor peaks, the experimental PES serves, in this case, to reduce
the amount of isomer candidates as possible which is also a very valuable contribution for the study of
these complex mixtures with PAH species which are in very small concentrations. The experiments
presented in subsequent sections focused on PAH chemistry with “continuous mode” acquisition will
provide a substantial improvement in the data quality and capabilities of the technique concerning PAH
identification.
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Figure 5-10. a) Photoelectron spectra for m/z 78 (experimental), benzene [250], fulvene [251], 1,2-hexadiene-5-yne [252], 1,4-
hexadiyne [253), and bicyclo[2.2.0]hexa-2,5-diene [254]. b) Photoelectron spectra for m/z 102 (experimental), phenylacetylene
[255], and 2,4,6-octatriyne [256]. c) Photoelectron spectra for m/z 104 (experimental) and Styrene [257]. d) Photoelectron spectra
for m/z 116 (experimental) and selected isomers (indene [258], 1-phenylpropyne [259], spiro[4.4]nona-1,3,6,8-tetraene [259],

phenylpropa- diene [260], p-methylphenylacetylene [261]).
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5.1.2 Experiments with low ethanol mole fractions (0.0025)

Highly-diluted mixtures are typically preferred for kinetic studies as they tend to conserve ideal conditions
with respect to less diluted mixtures. For the experiments presented here, the concentration of ethanol
was reduced to 0.25%, ten times less the value used in the previous cases. In order to test the reliability
of using the HRRST/i2PEPICO system for such low reagent concentrations, a new molecular beam sampling
interface configuration was implemented with the use of a birdcage for more reliable and precise
alignment between the nozzle and the skimmers, as also discussed in the methodology section. In
addition, the skimmer 1 was replaced by a Beam Dynamics model-1 skimmer with a larger hole of 1 mm
and shorter length compared to the one used before (model-2 with a conservative hole of 0.5 mm). The
increase in the skimmer 1 orifice combined with the decrease of the distance between skimmer 1 and
skimmer 2 can create an increase of mass flux as well as an increase of pressure in the mass spectrometer
chamber. Thus, the nozzle was reduced to 0.3 mm and its separation to the skimmer 1 tip was set to be 3
mm, which is ten times the nozzle diameter. This configuration ensures that the supersonic jet coming
from the shock tube will achieve the maximum cooling during the expansion, for maximum gas density
from the frozen reactions.

A set of around 9 000 experiments at Ts of 1354 K, 0= 23 K, and Ps = 6.2 bar, 6= 0.1 bar were performed
in order to obtain a low temperature condition. A photon energy of 11 eV was chosen to capture the fuel
molecule and the major products like ethylene for comparison with the resulting mass spectrum in Figure
5-1. Additionally, the photon resolution was intentionally improved to 15 meV but at expenses of losing
some photon flux. To do this, the size of the photon beam was reduced to 65% by changing the position
of a variable aperture device.

Figure 5-11 presents the mass spectrum resulting from the accumulation of all the experimental data
which is integrated over 7.8 ms of acquisition time compared to the already discussed mass spectrum
obtained at similar temperature and pressure conditions but with 2.7 % ethanol. Due to the high dilution
and to the significant decrease in the number of experiments from 15 000 to 9 000, the mass spectrum
obtained at 0.25% ethanol in argon is noisier than the one for 2.7%. However, the peaks are well-defined
and the small differences in relative heights between peaks of different m/z ratios can be attributed to
the differences in the temperature and pressure conditions in the two cases.

Following the same methodology where the branching ratios were extracted by integrating the species
time profiles over 700 ps, for the experiments at lower concentration it was obtained 0.69:0.06:0.25 for
ethylene, acetaldehyde, and formaldehyde, respectively. The simulations using the CRECK model at T =
1354 K with variable pressure profile delivered reasonable integrated values of 0.82:0.08:0.1.

The photoelectron spectra for the observed peaks ranging from m/z 28 until m/z 54 are presented in the
annex A 5 for this section. In general, they are very similar to the ones for 2.7% ethanol experiments which
means that the quality of the highly-diluted data is almost the same as the one of the high concentration
experiments despite the lower number of experiments. On the other hand, the experimental PES for m/z
52 did not present enough resolution in order to fully correlate with the reference PES for vinylacetylene
due to the lack of the second peak located at 10.5 eV. Similarly, the m/z 54 peak for 1,3 butadiene is very
small compared to the one obtained in high concentration experiments. Oppositely, the experimental PES
for m/z 50 is much larger than in 2.7% experiments which allows a clearer assignation to the reference
PES for diacetylene. These results are clearly influenced by the temperature conditions, 1354 K in Figure
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5-11 vs 1232 K in Figure 5-1. Indeed, at higher temperatures, the conversion by dehydrogenization of C4
intermediates (vinylacetylene and 1,3-butadiene) to diacetylene is favored.
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Figure 5-11. (Top) Mass spectrum obtained with 0.25% ethanol in argon. A: propyne, B: propene/ketene, C: acetaldehyde + vinyl
alcohol, D: diacetylene, E: vinylacetylene, F: 1,3 butadiene (possible contribution from 1-butyne). (Bottom) Mass spectrum
obtained with 2.7% ethanol, for comparison. Photon energy 11.0 eV.

The new molecular beam sampling configuration has significatively reduced the overall time to get
spectral data with good S/N even for highly-diluted mixtures. This, by making use of an auto-aligning
birdcage together with the changes in skimmer 1, nozzle dimensions, and beam light resolution. This
special feature of the unique HRRST/i?PEPICO coupling gives the possibility to better plan experimental
campaigns where a broad range of conditions can be explored with attention to specific sets that require
a higher level of detail.

In general, the four experimental conditions discussed in this chapter have demonstrated the different
functionalities of the HRRST/i?PEPICO coupling in a wide range of conditions of temperature (1232 K —
1525 K), pressure (6.2 bar-7.5 bar), concentrations (0.25%-2.7%), repetition rates (1Hz-1.5Hz) and photon
energies (10.0 eV-11.0 eV). Simulations performed with CRECK chemical kinetic model helped the
interpretation of the experimental results showing the great potential of this technique for the kinetic
study of complex mixtures of isomeric gaseous species. The spectral information was used to extract mass
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spectrums, photoelectron spectra and species time profiles for a number of masses being able to identify
radicals, isomers of monoaromatic compounds and to help the identification of PAHs.

Nevertheless, two challenges need to be faced in order to improve the experimental capabilities. First,
the need to obtain quantitative datasets of temporal species profiles has to be highlighted in this first
campaign to SOLEIL, despite the value of the qualitative information. Specifically, the quantitative
measurements must take into consideration the pressure variations inside the mass spectrometer
chamber in order to correct the signal from the dynamic behavior of the shock tube. The other problem
concerns the limited PES signal levels in this data acquisition mode, even with optimized alignment. This
limitation makes difficult the identification of several isomers, specially for minor species like PAHs.

In order to overcome these limitations, a new campaign to SOLEIL synchrotron was realized on toluene,
ethylbenzene and styrene pyrolysis that allowed to solve these two aspects. First, in the next chapter the
external calibration technique to solve the problematic of pressure fluctuations inside the mass
spectrometer chamber is presented. In addition, the new continuous data acquisition mode of i2PEPICO
already explained in the methodology section was also employed and exploited in order to obtain sharper
PESs and allow the selective identification of isomers.

95



5.2 External standard calibration method for Kinetic quantitative analysis

In the previous chapter on ethanol pyrolysis, it has been demonstrated how the raw spectral signal could
be used to obtain species time profiles for selected m/z’s. As stated, the experimental raw data could not
be used to extract kinetic profiles for quantification purposes. However, a set of corrections to the raw
signals could be implemented in order to derive accurate temporal species concentration profiles. If an
internal standard gas is introduced in the initial mixture, a calibration procedure could be employed to
use this unreactive species as reference for photoionization experiments, as already performed in
laboratory-based TOF set-ups [15]. However, it is quite challenging to find an internal gas that does not
participate in the reactions while ionizing at photon energies lower than most of the organic molecules
produced in the pyrolysis.

Therefore, a new method using an external standard is proposed in this chapter to correct signal for
pressure variations inside the spectrometer chamber, applicable to any HRRST/TOF-MS experiment. In
particular, the method will be proven to provide concentration profiles for HRRST experiments coupled
to synchrotron-based mass spectrometry of special interest for chemical kinetic studies and model
validation. For this purpose, CO, was proposed as a reference external gas, and two widely-studied fuels
were considered as test cases: toluene and ethylbenzene. Chemistry-related aspects for these two
important fuels and PAH precursors will be discussed in next chapters. Here, only the development of the
methodology for the extraction of the kinetic information is presented, specifically tested for the
HRRST/i?PEPICO coupling. The corrected experimental results are compared with the simulations
provided by the current version of the ICARE PAH model in order to prove the reliability of the
methodology.

Regarding the experimental conditions, the pulsed data acquisition mode was employed spanning 8 ms
of pre-shock and post-shock conditions. The repetition rate was 1 Hz and the photon energy used to ionize
the fuel molecules and the carbon dioxide was 10 eV and 14.5 eV, respectively.

5.2.1 Formulation of the external calibration method

For any species x, the mass spectrometer signal (Sx) was simplified in equation 5-2. Now, the expression
is expanded in detail as:

Sy = 0x " [X] * Nexp * Dy * Nser - f(P, 1) Equation (5.3)

indicating that the signal (Sx) is proportional to the product of the concentration [x], the photoionization
cross section of the respective species at the specific photon energy (PICS, o), the mass discrimination
factor Dy, the number of experiments neyp, an efficiency coefficient nsec which is function of the beamline
intensity and the sampling configuration for the specific set. Finally, f(P,t) is a correction function including
temporal pressure changes inside the mass spectrometer chamber. In order to derive f(P,t), it is enough
to apply the equation to the specific case of the CO2 external standard gas, obtaining

Sco
f(P,t) = 2 Equation ( 5.4)
0¢0,°[CO21'nco, _set'Dco, Mco, set
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If both equations are combined, the concentration of any species can be derived from

_ Sx 0co, MNco,set Dco, Mco, set
[x] = [CO,] - 2 T0n  HcOnzer, De0s
co, Ox Nset x Nset

Equation (5.5)

The concentration of CO,, the number of experiments and the ratio of the experimental signals are known.
If the discrimination factors can be estimated based on previous measurements with different interface
sampling system [262] and the literature PICS are measured or estimated, the only unknown term is the
ratio between the efficiency coefficients which is the same for all species of the dataset, including the fuel
molecule. The initial concentration of the fuel molecule [fuello and the external standard gas [CO;]o are
known. Thus, applying the equation 5-5 with the fuel at time zero after the passage of the shock wave,
the ratio between the efficiency coefficients can be derived as

Ncopset _ [fuello  Scopt=0  OFfuel . MNset  Druel
Nset [CO2lo  Sfueit=0 Oco, Mco,set Dco,

Equation (5.6)

5.2.2 Experimental results and discussion

As it will be explained in detail in the following chapters, the raw spectral data used with this methodology
contains more than 107 000 averaged experiments with 1 % toluene diluted in argon at Ts and Ps equal to
1362422 K and 6.6+0.2 bar, respectively. The evolution of species time profiles ranging from light species
up to 5-member rings has been obtained using the pulsed data acquisition mode at a photon energy of
10 eV.

For this dataset, meaningful kinetic profiles require a signal level at least as high as the one for m/z = 350,
even though the maximum detectable limit for the raw spectral data is around m/z 426. This is due to the
specific signal/noise ratios. However, just to illustrate the external calibration methodology and due to
the lack of precise literature information for the photoionization cross sections of large PAHs, the time
profiles studied here do not overpass m/z 128.

For instance, Figure 5-12a contains species time profiles for the fuel molecule, toluene (m/z 92) and one
of the main toluene pyrolysis products, benzene (m/z 78), together with the pressure profile from
averaging of 1000 experiments with PCB mounted on the HRRST end-wall, at thermodynamic conditions
corresponding to the specific reaction conditions of the toluene experiments.

The species profile for toluene (m/z 92) shows that initially, the concentration corresponds to the fresh
gases prior to the arrival of the shock wave at time zero. This is followed by a steep increase corresponding
to the reflected conditions. Once the mixture reaches shocked conditions, the concentration of toluene
stays constant for around 400 ps and then it starts decreasing gradually as the fuel is pyrolyzed. Finally, at
around 500 s, a sharp decrease is observed to nearly its baseline.
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Figure 5-12. a) Species time profiles for m/z 92 and m/z 78. Toluene pyrolysis, 0.1% in argon, results obtained from averaging 107
000 experiments at T = 1362422 K and P = 6.6+0.2 bar, photon energy 10.0 eV; pressure profile from averaging 1000 experiments
at same condition. b) Temporal species profiles, m/z = 92 from toluene pyrolysis (0.1% in argon), average over 107 000 experiments
at T=1362422 K and P = 6.610.2 bar, photon energy = 10.0 eV; m/z = 44 from carbon dioxide pyrolysis (0.1% in argon), average
over 6 000 experiments at T = 137612 K and P = 6.6%0.1 bar, photon energy = 14.5 eV.

As the fuel profile decreases, the appearance of products can be observed. Benzene (m/z 78), one of the
main products, is formed after a certain delay reaching its maximum at approximately 600 ps. It is then
consumed at a slower rate. However, based on the temporal profiles of toluene and benzene, it is evident
that these profiles are affected by the pressure history during the observation time, in particular in
correspondence with the initial rise in the fuel profile (slower than the rise from P; to Ps inside the HRRST)
and the later drop in m/z 78 which corresponds also to the drop in pressure due to the arrival of the
rarefaction waves. Indeed, the pressure profile presented indicates that there is a rise in pressure behind
the reflected shock wave, which lasts for approximately 500 pus. Subsequently, there is a decrease in
pressure that lasts for approximately 500 us after arrival of the rarefaction waves. The changes in the
thermodynamic conditions lead to variation of the molecular beam gas density and species concentrations
as the non-idealities in the HRRST are larger than those found in conventional shock tubes. As the mass
spectrometer signal is directly proportional to the gas density, it is important to consider the pressure
time histories in the analysis.

As mentioned before, the species profile for m/z 92 shows a slow buildup of pressure inside the mass
spectrometer chamber mainly due to the rapid transition from state P; to state Ps. In addition, the shape
and starting points of the temporal profiles are influenced by the time of arrival of each shock wave front
to the end wall. These times have a stochastic behavior which can vary within £50 pus around the average.
Consequently, the averaged signal is smoother in comparison to a single measurement. As a result, in
order to align the fuel profile with the pressure profile, a translation has been performed such that the
time corresponding to the half of the maximum value of the fuel profile matches the time zero of the
pressure profile.

To determine if the pressure history has an effect on the temporal species profiles, 6042 experiments
were conducted using the ICARE-HRRST/i?PEPICO technique with the external calibration standard, CO,
(0.1% in argon). For the method to be accurate, similar conditions (Ts = 1376+12 K and Ps = 6.6+0.1 bar,)
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and pressure history used in the actual experiments were kept constant, but the photon energy increased
to 14.5 eV to allow ionization of the carbon dioxide.

Since CO; does not react at these thermodynamic conditions, its mole fraction will be kept constant even
at reflected conditions. Thus, the CO; profile varies due to the pressure variation inside the shock tube
(and consequently inside the MS chamber) and the resulting signal was monitored and presented in Figure
5-12b together with m/z 92 species profile. It appears that the CO, profile follows a similar trend as the
pressure profile history. Compared to the toluene profile, it seems that CO; rises faster than toluene. The
difference in the rise slope between the CO, and m/z 92 profiles may be an artifact of the difference in
number of experiments (~ 6 000 vs 107 000) and the large difference in signal levels. However, this
hypothesis has to be demonstrated in future campaigns.

The first results obtained using the external standard calibration technique for analyzing toluene pyrolysis
are presented in Figure 5-13. The alignment between the fuel and CO; profiles is a major uncertainty in
the technique, as their initial rise times differ slightly. Actually, misalignment can amplify signal noise
during data processing, leading to increased uncertainty.
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Figure 5-13. Temporal species profiles from toluene pyrolysis (0.1% in argon), average over 107 000 experiments at T = 1362422
K and P = 6.610.2 bar, photon energy = 10.0 eV. In a), different matching between fuel and CO2 profiles: solid line at the peak,
light dashed line at start of the rise, dark dashed line at 50% rise. Lines in b)-c)-d) represent kinetic modeling with ICARE PAH
chemistry model.
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Figure 5-13a shows the fuel profile (m/z = 92) and benzene profile (m/z = 78) with the CO2 profile shifted
to match i) the times at the half of the signal rises as in Figure 5-12 (dark dashed lines), ii) the times
matching the two main peaks (solid lines, CO2 profile shifted +36 us), and iii) the times at which the two
profiles start rising (light dashed line ,CO2 profile shifted by -24 us). The first 200 ps of the fuel profile are
mostly affected by different treatments, resulting in less oscillations for the second case (ii). The noise in
the treated signal before time zero is large, rendering the derived information useless. The product
profiles are not significantly affected by the alignment procedure, as their appearance occurs at late times.
Finally, the method ii) was preferred due to reduced noise at early stages.

The corrected temporal species profiles for the fuel and some of the main products are presented in Figure
5-13b, ¢, and d. These species were chosen based on their abundancy compared to other minor isomers,
and also because their identification was easily achieved by comparing their reference photoelectron
spectra with the experimental ones obtained in this study which will be presented in the next chapter.
Moreover, the photoionization cross sections (PICS) of these species are available in literature, with some
being measured and others estimated. The measured PICS at 10 eV for toluene, phenylacetylene, styrene,
indene, and ethylbenzene was obtained from Zhou et al.[263], benzene from Rennie et al. [264] while the
estimated value for naphthalene was taken from [265]. The PICS at 14.5 eV for CO2 is taken from
Hitchcock et al. [266]. A list of photoionization cross sections used in this work is presented in annex A 6.

The concentration profiles are compared with simulations performed with the ICARE chemical kinetic
model for PAH formation and growth using ANSYS CHEMKIN-Pro 2021 software, batch reactor with
variable pressure following the profile in Figure 5-12a. The model has been validated against species
profiles vs temperature conditions from single-pulse shock tube experiments for pyrolysis of a large
number of single fuels at nominal pressure of 20 bar, including toluene, ethylbenzene and their mixtures
with small aliphatics. There is an overall excellent agreement between experiments and simulations for
the decomposition of the fuel and the formation of the main single-ring aromatic products, including
benzene (m/z = 78), styrene (m/z = 104), phenylacetylene (m/z = 102) and a peak at m/z = 91,
corresponding to the benzyl radical, also detected and measured for which the same parameters as for
m/z = 92 were used as first approximation. The shape of the m/z = 91 profile is correctly captured by the
model, as well as its concentration considering the related uncertainties. The species profiles for larger
PAH products, such as indene (m/z = 116) and naphthalene (m/z = 128), are shown in Figure 5-13d, and
the results are quite satisfactory considering the complexity of the chemistry involved in the PAH
formation and the experimental uncertainties. A complete and detailed description of the pyrolytic
products and their chemistry will be presented in the next chapter, and the examples presented here
serve the purpose of demonstrating the capability of the external standard calibration method.
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Figure 5-14. Temporal species profiles from toluene pyrolysis (0.1% in argon), average over 107 000 (solid lines) and 27 000
(dashed lines) experiments at T = 1362422 K and P = 6.620.2 bar, photon energy = 10.0 eV.

Figure 5-13 presented the experimental species profiles, which were obtained by averaging roughly
107,000 experiments. To evaluate the effects of decreasing the number of experiments on the signal
quality, a set of 27,000 experiments was selected to derive species time profiles using the same
methodology. Figure 5-14 presents the results of this set for various m/z ratios in dashed lines along with
the results from averaging 107,000 experiments in solid lines. The overall profiles are very similar in the
two cases in terms of shape and concentrations even if the noise is less for larger amount of experiments.
Thus, it can be affirmed that the external standard calibration method is not significantly affected by the
signal levels or number of experiments and that even a band pass filter could be used in order to smooth
the signals with lower amount of experimental information without losing quality. This is of especial
interest for experimental campaigns where the time limitation in beamlines has to be rapidly optimized
and accurate signal levels for target species has to be obtained.

To demonstrate the validity of the proposed external standard calibration method with different fuel
molecules characterized by different kinetic properties, a more reactive fuel than toluene was tested, i.e.
ethylbenzene. The fuel was pyrolyzed at similar conditions than the case of toluene (Ts = 1327+18 K and
Ps =6.7+0.2 bar, 0.1% in argon). More than 27,000 were obtained with a photon energy of 10.0 eV.

The raw fuel profiles of ethylbenzene (m/z = 106) and toluene (m/z = 92) presented in Figure 5-15a
demonstrate that ethylbenzene is more reactive than toluene. Additionally, the ICARE model simulations
showed in Figure 5-15b, cand d, seem to well reproduce the shape and concentration of the fuel molecule
and main products like benzene (m/z = 78), toluene (m/z = 92), styrene (m/z = 104), phenylacetylene (m/z
=102) and the benzyl radical (m/z = 91). Nevertheless, there is a minor discrepancy in the time at which
the toluene peak occurs. Finally, there is a satisfactory match between the experimental and simulated
profiles for larger PAHs such as naphthalene (m/z = 128) and indene (m/z = 116), although the relative
concentrations were not perfectly captured as for the case of toluene. Despite this, the simulated profiles
accurately capture the overall experimental data.
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Figure 5-15. Temporal species profiles from ethylbenzene pyrolysis (0.1% in argon), average over 27 000 experiments at T =
1327+18 K and P = 6.7+0.2 bar, photon energy = 10.0 eV. a) includes the m/z = 92 from toluene experiments as in Figure 4. Lines
in b)-c)-d) represent kinetic modeling with ICARE PAH chemistry model.

In this chapter, a new methodology for correcting concentration profiles obtained from miniature high-
repetition-rate shock tubes coupled to Synchrotron-based mass spectrometry diagnostics has been
proposed. The method utilizes CO; as an external standard gas to correct for pressure variations within
the mass spectrometer due to the inherent dynamic behavior of the HRRSTs. The validity of the method
was evaluated based on experiments for the thermal decomposition of toluene and ethylbenzene. The
corrected profiles for fuels and main products resulted in excellent agreement with simulations obtained
employing the most updated version of the ICARE PAH model, demonstrating the reliability of the
procedure. It has been determined that the external standard method is a versatile technique to obtain
kinetic information from HRRST/TOF-MS experiments conducted at synchrotrons, including the
HRRST/i?PEPICO coupling.
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5.3  Pyrolysis of toluene using HRRST/i?PEPICO

The results from the first pyrolytic study on aromatic chemistry using the HRRST/i?PEPICO combination is
presented in this chapter, demonstrating the capabilities of the technique, specifically in relation to
detection and measurement of large PAH products. Toluene (C;Hs) was chosen as a fuel for this purpose
because it is an important fuel surrogate component and intermediate during the formation and growth
of PAHs. This study complements the literature kinetics works on toluene pyrolysis using different
conventional speciation systems such as shock tube/GC-MS [61], [65] and atmospheric and sub-
atmospheric flow reactors [98], [105].

Regarding the experimental installation, the set-up components and parameters were kept constant
during the campaign. Nevertheless, compared to the first installation used in the ethanol campaign, some
improvements were implemented. The birdcage used here allows the easy variation of the distance
between the nozzle tip and the skimmer tip as discussed in the methodology section. Skimmer 1 and
skimmer 2 have orifices diameters of 1 and 2 mm, respectively. The employed nozzle has a 400 um orifice
and the optimal distance between the nozzle and the skimmer 1 tips is found to be around 9.5 mm.
Indeed, the first tests with distance of around 4 mm (equal to 10 times the nozzle orifice diameter) showed
very weak signal levels. The 9.5 mm distance allows the pressure inside the mass spectrometer chamber
to remain at acceptable levels even when the shock tube runs at 1.5 Hz (between 10 and 10°® mbar during
operation). Despite this, all the experiments presented here are performed at 1 Hz repetition rate.

Additionally, during the previous ethanol campaign a noise appeared after several thousand HRRST runs
which affected the ability to obtain data from the system. With the aim of resolving the issue, the new
installation includes the possibility to apply a voltage to skimmer 1, electrically isolated from the ground.
In particular, a voltage of -120 V was chosen in order to avoid possible electrically charged ions carried by
the molecular beam entering the mass spectrometer chamber. While the low temperature experiments
(1300-1400 K) could be run without problems, the higher temperature ones (1700-1900 K) still showed
noise. The reasons behind this noise is still under evaluation. Strategies to include charged parallel plates
through which the molecular beam passes before entering skimmer 2 will be tested in the next
experimental campaign.

Two experimental conditions are presented in this chapter with the two data acquisition modes available
for DELICIOUS llI. The first condition is also the one used to validate our external calibration method
developed for analysis on species concentration vs time presented in section 5.2. Briefly, the experimental
pyrolytic decomposition of 0.1 % toluene diluted in argon bath gas was evaluated at Ts= 1362 + 22 K,
Ps=6.6 £ 0.2 bar and photon energy of 10 eV. The selection of this specific photon energy allowed the
photoionization of the fuel molecule as well as key aromatic intermediates. The data was recorded during
8 ms comprising the pre-shock and post-shock regions by using the so-called pulsed mode for data
acquisition. More than 107 000 experiments were averaged at this condition.

The second condition is similar, with 0.1 % toluene in argon at Ts= 1351 + 13 K and Ps=6.4 £ 0.1 bar, but a
photon energy of 8.5 eV was employed this time. This allowed the photoionization of most of the PAH
species obtaining PES for larger masses at expenses of detecting the fuel molecule and some
intermediates. More importantly, because of the natural pulsed operation of the shock tube, the data
acquisition pulsed mode allowed obtaining accurate PES signals only for high concentration species which
corresponds to small aliphatics and single-ring aromatics. Therefore, the continuous acquisition mode was
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employed in this second case, which means that the acquisition does not stop between shock runs. This
allows increased S/N for the minor species compared to the pulsed mode, as well as sharper features of
the PES profiles. More than 41 000 experiments were averaged. The results of the pulsed mode and
continuous mode are presented parallelly during the discussion of the results, considering that
temperature and pressure conditions were kept the same for both cases.

5.3.1 Mass spectrum and identification of small aromatic products

The mass spectrum averaged over 8 ms for the pulsed mode is shown in the Figure 5-16, from the pyrolysis
of 0.1 % toluene evaluated at T5= 1362 +22 K, P5=6.6 + 0.2 bar and photon energy of 10 eV. The mass
spectrum has been divided into four regions for better visualization. Starting from the major peaks at
small mass to charge ratio, m/z 40 derives from the second order harmonic of argon, followed by peaks
corresponding to the aromatic ring fragmentation. In particular, m/z = 52 corresponds to vinylacetylene
(P =9.63 eV[236]), m/z = 54 to 1,3 butadiene (Pl = 9.07 eV[267]), m/z = 64 to 1,3-pentadiyne (PI=9.5
eV[268]), and m/z = 74 to triacetylene (Pl = 9.5 eV[268]). Figure 5-18 contains the related experimental
PESs and the literature profiles for these species. Vinylacetylene presence has been previously attributed
to the acetylene (C;H;) self-reaction via vinylidene which can lead also to the production of 1,2,3-
butatriene [269]. In the experimental PES for m/z 52 it is obvious how 1,2,3-butatriene [237] and
cyclobutadiene [270] can be excluded as products of toluene pyrolysis at the conditions presented here.
Regarding m/z 64, previous studies using potential energy surface method have shown that 1,3-
pentadiyne formation can be due to the decomposition pathway from fulvenallene (m/z 90, C;He¢) to 1,3-
pentadiyne and acetylene [271]. It is in fact interesting how the present mass spectrum contains not only
a peak at m/z = 91 (corresponding to the fuel resonantly stabilized benzyl radical (C;H;)) but also a peak
at m/z 90. The set obtained at 8.5 eV is used for identification purposes in this case since the PES signal
for the peak at m/z 90 (C;He¢) is too small in the set at 10 eV. It can be seen in the Figure 5-17 that the
literature PES for fulvenallene exactly corresponds to the experimental PES obtained for m/z 90, in
particular the ionization energy for this molecule (8.22 £ 0.005 eV[272]) matches the peak present at 8.24
eV in the experimental PES. Since the literature PES for fulvenallene has much greater resolution than the
experimental PES for m/z 90, a binning procedure was applied to the available PES in order to compare
with the experimental profiles and confirm that the peak shape differences are just an artifact of the
technique. This can be seen with the binned literature PES in red dotted line, proving the reliability of the
binning procedure which converts the reference PES resolution to the experimental resolution. This
procedure will be discussed more in detail later. Fulvenallene has been proposed in the past as one of the
main decomposition products of benzyl radical fragmentation at high temperatures [273]. In m/z 74
(CeH.), 1,3,5-hexatriyne also known as triacetylene was identified. The pathways involved in the formation
of this species is still not well understood. A reaction pathway was proposed indicating that triacetylene
could be produced through a polymerization process but the research could not clarify this [63] especially
at the temperatures considered here, where C;H, and C4H; do not decompose. Thus, this study concluded
that triacetylene is mainly produced through the decomposition of the CsHs radical by the reaction CsHs
&> CgH; + H. C¢H3is mainly formed from isomers/ring opening/fragmentation of CsHs which was detected
here as m/z = 76. Due to lack of literature PES for this mass, it was not possible to clearly identify the CeHq4
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intermediate, although o-benzyne from the thermal fragmentation of the benzyl radical [274] is a very
probable candidate.

A small peak at m/z 54 is also evidenced in the mass spectrum which corresponds to isomers of C4He. In
that case, the experimental PES peaks at around 9.15 eV proving the presence of 1,3 butadiene (Pl =9.07
eV[267]) even with such low resolution, but the peak at 9.8 eV cannot be clearly attributed to any of the
isomers shown in the Figure. The most probable product is from 2-butyne (Pl = 9.6 eV [240]) but other
isomers should be considered before reaching a conclusion.
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Figure 5-16. Mass spectrum obtained in pulsed mode, averaging over 107 000 experiments. 0.1% toluene in argon, photon energy
10eV. T5= 1362 +22 K, P5=6.6 + 0.2 bar.

Concerning the single ring aromatics, in previous work using single pulse shock tubes coupled to gas
chromatography it was possible to measure toluene (C;Hs), the fuel, and the largest product benzene
(CsHe) which is a relevant species during soot formation and initiation through the HACA mechanism.
Benzene is produced from toluene pyrolysis mainly through the ipso-substitution reaction C;Hg+H =
CeHs+CHs [65]. Similarly, in the present study m/z 92 and m/z 78 are the biggest peaks corresponding to
toluene and benzene, respectively. Figure 5-18 presents the comparisons of the photoelectron spectra
corresponding to m/z 92 and m/z 78 with the literature ones for toluene and benzene, respectively. In the
laboratory-based work [65], large amounts of phenylacetylene (CsHs, also CsHsC,H) and styrene (CsHs, also
CeHsCoHs) were measured which are confirmed in the mass spectrum at m/z 102 and m/z 104,
respectively, plus a small amount of ethylbenzene (ETB, CsH1o, also CsHsC,Hs) as a minor single ring species
(m/z 106). Following HACA mechanism, phenylacetylene comes from the addition of acetylene to phenyl,
the benzene radical, through the reaction CgHs + C;H, - C¢HsCoH + H [275]. ETB and styrene are produced
from the recombination of the fuel radical, benzyl (C;H;), with one methyl (CHs) [65], and subsequent
thermal decomposition of the resulting ETB intermediate, respectively. These three species are clearly
identified by the PES comparison presented in Figure 5-18. The peaks at 8.75 in the experimental PES for
m/z 102 confirms the presence as major contributors of phenylacetylene whose photoionization energy
(P1) is 8.75 eV[276]. This allows to exclude the presence of different other isomers also shown in the Figure
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like benzocyclobutadiene [277] and 2,4,6-octatriyne[256]. The same applies for the experimental PES of
m/z 104 and m/z 106 whose peaks coincide with literature photoionization energies for styrene (Pl = 8.464
eV[278]) and ethylbenzene (Pl 8.77 = eV[279]), respectively. In particular, while examining the
experimental PES for m/z 104, the exclusion of benzocyclobutane [26] is possible based on the shape of
the profiles (the experimental profile has two major peaks, the one for benzocyclobutane is flat in this
photon energy range). However, it is not possible to exclude the presence of the xylylene isomers (o-m-
p-CsHg[280], [281]) as the signal is quite noisy at photon energies lower than 8 eV. On the other hand, by
modifying the binning of the signal (see the embedded image), clear features in correspondence with the
xylylene isomers appear. Actually, there is evidence from a previous study realized with the single pulse
shock tube coupled to GC-GC/MS on xylene chemistry that o-xylylene following dehydrogenation of o-
xylyl isomers is an intermediate to styrene formation [66]. Globally, the contribution from the xylylene
isomers is minimal compared to the styrene one.

Concerning m/z 106, although the corresponding signal is small, the peak at around 8.5 eV confirm that
not only ethylbenzene is produced but also the xylene isomers. Xylenes [255], [282]contribute to the m/z
106 signal for around 38% against the remaining 62% associated to ethylbenzene (ETB). According to
recent studies realized with SPST/GC system, the production of xylene comes from the recombination
reaction of the toluene radical (CH3C¢H4) with methyl (CHs) [74]. Additionally, the latest study on pyrolysis
of xylene isomers realized with HPST/GC-GC/MS revealed that xylenes decompose mainly via hydrogen
abstraction reactions by H, CHs and C;H;, forming toluene and xylyls (m-o-p-CsHs) which are resonantly
stabilized radicals. Xylyls (m-o0-p-CsHs) directly decompose to o-m-p-xylylene (o-m-p-CgHs) through the
chemical reaction (0-m-p-CgHs) -> (0-m-p-CsHg) + H, which supports the observation of the presence of
xylylene isomers in the experimental PES of m/z 104.
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Figure 5-17. Photoelectron spectra for m/z 90 obtained at 8.5 eV. Literature PES for fulvenallene and binned literature PES for
fulvenallene[272].
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Figure 5-18. Photoelectron spectra of product molecules with m/z ranging from 52 to 106. Photon energy of 10 eV.

Concerning the two and three rings PAH molecules, the gas chromatographic measurements in [65]
showed some major products including indene (m/z 116), naphthalene (m/z 128), acenaphthylene (m/z
152), fluorene (m/z 166), phenanthrene/anthracene (m/z 178), and of course bibenzyl from the benzyl
recombination (m/z 182) with the presence also of minor isomers like 1-methylene indene (m/z 128) and
1-ethynylnaphthalene (m/z 152). These compounds are also the major peaks in the mass spectrum of
Figure 5-16, confirming the importance of the related kinetic pathways. However, in this work, additional
isomeric compounds could be identified by analyses of the mass selected photoelectron spectra
presented on the following section.
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In addition to the major species in common with the previous HPST/GC-GC-MS work, other masses are
present for two and three ring minor species, including m/z 168, m/z 126, m/z 140, m/z 142, m/z 176 and
m/z 180, and other peaks corresponding to radical molecules, e.g. m/z 115 and m/z 165 which should
correspond to indenyl and fluorenyl resonantly stabilized radicals, respectively. The correspondence of
the m/z 154 with acenaphthene/biphenyl will be discussed based on the PES.

For larger PAHs, m/z 202 is the major product. Products with similar mass/charge ratio were identified as
the four ring products pyrene and fluoranthene in the previous work [65]. From the mass spectrum, clearly
defined peaks corresponding to four-five ring species, larger than what can be achieved in the
conventional shock tube/GC system, can also be observed. These peaks correspond to m/z 190, m/z 216,
m/z 226, m/z 228, m/z 240, m/z 250, m/z 252, m/z 254 and m/z 280. The exhaustive species identification
for these peaks will be discussed in the following section. Bigger species are also visible but with lower
signal levels as can be seen in the mass spectrum. For the kinetics profiles, discernable trends can be
obtained for m/z up to 350, although the identification starts becoming very challenging from m/z = 230
due to low signal and lack of literature data on PES profiles. Additional experiments would have been
necessary to increase the definition of the peaks for these large molecular weight species. Peaks from the
integrated mass spectrum were also measured for m/z up to 426 although small, while periodic groups of
peaks providing broad featured signal rises are visible for larger masses (Figure 5-19).

120 4
m/z [356-500]

100

80

60

40 —— T T T T T T

360 400 440 480
m/z

Figure 5-19. Zoomed region of the mass spectrum obtained in pulsed mode comprising signals from m/z 356 to m/z 500. 0.1%
toluene diluted in argon, photon energy 10 eV. T5= 1362 +22 K, P5=6.6 + 0.2 bar

In general, the number of isomers increases exponentially with the m/z ratio, thus a complete
characterization of the large products is beyond the current capabilities. On the other hand, the following
analyses will provide additional information on the major growth mechanisms based on the observations
on the small PAH molecules. These growth mechanisms include CH3 addition forming 3-carbon ring
structures as well as stable intermediates with methyl moieties (as methylbiphenyls), the possible
propargyl radical addition to form benzo-like structures, and the common HACA mechanism for the
growth of number rings and the formation of 5-member rings in the PAH bays (as from naphthalene to
acenaphtylene CioH7+C;H;, = CioHs+H). The addition of PAH radicals will also play a key role.

In the following section, detailed analyses of the relatively-small PAHs based on the photoelectron spectra
for major m/z ratios will be presented.
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5.3.2 Mass selected identification of polycyclic aromatic hydrocarbons

The data obtained with the pulsed mode may be used to obtain the photoelectron spectra of polycyclic
aromatic hydrocarbons (PAH) but a more efficient way involving the data acquisition in continuous mode
and with reduced photon energy (8.5 eV) has been implemented to obtain improved signal to noise ratio
and sharper PES features for better isomer selectivity at a given m/z. Of course, kinetic analyses cannot
be performed with the extracted data since the acquisition is continuous, without a time reference for the
shock runs, opposite to the pulsed mode where ion kinetics analyses till 8 ms relative to shock wave arrival
can be performed, including quantification of species, as explained in section 5.2 relative to the calibration
method.

The average mass spectra over 41 000 runs, for an ionization energy of 8.5 eV, is illustrated in Figure 5-20.
At a first glance, it is clear how the mass spectrum is very different from the one at 10 eV. First of all, the
small species are not detected because most of them ionize at higher energies, while here the photon
energy of 8.5 eV is close to the ionization energy of larger PAHs. In addition, the cross-sectional areas at
10 eV and at 8.5 eV might change differently depending on the species, thus modifying the relative signals
for the same concentrations. Thus, the same PAH molecules are common to both mass spectra at 8.5 eV
and 10 eV, although with different proportions.

In reality, the choice of the photon energies is a trade-off between need of ionizing a specific group of
compounds (PAHs in this case) reducing the noise for better detection of the low-concentration species
and keeping in mind that the signal level decreases at lower photon energies. For example, the ionization
of the fuel and major products (e.g. benzene) is not desired as it would lead to the occurrence of false
coincidences and thus noise in the signal. This is the reason why cleaner signals for low-concentration
species is noticed in the mass spectrum of Figure 5-20 compared to Figure 5-16.
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Figure 5-20. Mass spectrum obtained in continuous mode, averaging around 41 000 experiments. 0.1% toluene in argon, photon
energy 8.5 eV. Ts=1351 + 13 Kand Ps=6.4 + 0.1 bar.
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The PES analysis presented here is based in previously discussed Equation (5-1), where a semi-automatic
optimization procedure has to be applied in order to produce a sum of convolved PES spectra to well fit
the experimental PES curves. This allows to determine the relative concentrations of the isomers present
at each m/z by exporting the constants (C;) in Equation (5-1). Nevertheless, for most of the PAHs presented
here, either no experimental works on the determination of photoionization cross section (PICS) are
available in the literature or only estimated information could be found, which introduce large
uncertainties to the relative concentration determination. Thus, an exhaustive analysis based on signal
ratios (i.e. S1/S,) will be presented here. Depending on the evolution of the research on PICS and mass
discrimination effects, future investigations will focus on the accurate quantification of the relative
concentrations by applying Equation (5-2).

More importantly, due to the limitations in the number of PESs studied in the literature, the analyses will
evidence how several features of the experimental PESs would not be reproduced based on the available
data. Since the main advantage of investigating the i’PEPICO photoelectron spectra is to identify the
different isomers present in a specific m/z signal, new information on the photoelectron spectra had to
be obtained in order to fully exploit the technique. Therefore, a recent collaboration with Dr. Jasper at
Argon National Laboratory (ANL), USA, has allowed the determination of theoretical PESs of large PAHs
compounds by complementary high-level ab-initio quantum calculations based on Frank Cordon
parameters. The uncertainties associated to the assessment of the spectral characteristics of the PAHs,
related to the different vibronic states, can be estimated smaller than 0.05 eV when the calculation is
based on the higher-level methods (HL). Since some of the calculations based on HL required very large
computational resources, a ‘medium-level’ theory was implemented for certain PAH compounds with
uncertainties lower than 0.1 eV.

The uncertainty in the definition of the PESs will affect the convolution of the experimental signal and the
derivation of the different contributions from the various isomers. The development of an automatic code
capable to provide a large number of fitting parameters by shifting the PESs within their uncertainties
should be envisioned for determining the experimental uncertainties related to this aspect. This is though
beyond the scope of this thesis work. At the present, the best option is to manually fit the relative heights
of the peaks even if not exactly located at the exact binding energy, if required. An example is provided in
the following sections related to m/z 128. Another source of uncertainty in the fitting procedure is the
selection of the isomers. In fact, the simulation can be run considering a different number of isomers or a
different combination of isomers, in particular with respect to the minor components. In general, the
possibility to run several fitting procedures provides a way to estimate the experimental uncertainty for
the different contributions to the signal. An example is provided as related to the contribution of fluorene
to m/z 166 (section 5.3.2.10).

With the aim to correctly compare the experimental and literature/calculated PESs for each m/z, the
resolution of the simulated PESs along with the literature ones were binned to the resolution of the
respective experimental PES. The binning process consists on the conversion of the reference PES into
gaussian functions that take into consideration the spectral resolution of the reference PES. Then, the
spectral characteristics are spread accordingly with the experimental PES resolution in order to get a
binned reference PES that will be used for comparison. This process is realized by using an IGOR
subroutine developed by the DESIRS beamline scientists. The contribution of this ongoing collaboration
with ANL is essential for providing novel, high-quality databases for accurate PES analyses.
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The data presented in the following sections will be ordered by increasing m/z values and not based on
the relative importance as observed in the mass spectra. This will allow an easier discussion on the kinetic
pathways involved in the formation of the different isomers, based on simulations with the ICARE PAH
model and on chemical intuition. The PAH identification will also provide an important contribution not
only for the combustion science but also for astrophysics [283], [284]. The full list with the nomenclature
and structures for the species involved in the mass-selected isomer identification can be found in annex
A7.

5.3.2.1 Species at m/z 116

The m/z 116 is in general present in all the studies performed with mass spectrometry techniques on PAH
chemistry. For this mass to charge ratio, an excellent fitting was found between the experimental PES and
the literature spectra for indene (CgHs, [26]). AlImost 88% of the experimental signal derives from the
indene spectra as evidenced in Figure 5-21. According to previous work using ST coupled to GC and rate
of production analyses at the current conditions, indene is mainly produced from the reaction between
the benzyl radical (C;H7) and acetylene (C;H3) [65] as well the isomerization of C¢HsCsHs3 isomers. Indene
is consumed by thermal decomposition and H-abstraction to form the resonantly stabilized indenyl
radical. A relatively large peak at m/z 115 is indeed observed in Figure 5-16.
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Figure 5-21. Experimental and reference photoelectron spectra for m/z 116 obtained at 8.5 eV.

A relatively small amount of phenylpropadiene (CsHsCHCCH,, Plyertical = 8.29 £0.03 eV, [260]) was found to
contribute to the second signal peak located at 8.31 eV. This species is produced from the reaction of C3Hs
with phenyl (CsHs). Additionally, from the sum of convolved spectra analysis the presence of p-
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methylphenylacetylene (CsHs(CH3)C2H, [285]) and 1-propynylbenzene (CsHsCCCHs, [26]) can be excluded.
In fact, the optimization procedure indicates almost neglectable signal contributions from these PAHs.

The relative PES signal contributions to m/z 116 coming from indene : phenylpropadiene : p-
methylphenylacetylene : 1-propynylbenzene (1-phenyl-1-propyne) are 88 : 10: 1: 1.

5.3.2.2 Species at m/z 126

For this mass, the experiments performed at photon energy equal to 8.5 eV and continuous acquisition
mode did not allow the identification of isomers as the main contributors have photoionization energies
higher than this value. Indeed, the PES at 8.5 eV shows no peaks but a start of signal rise close to the
maximum energy. On the other hand, the experimental PES acquired at 10 eV with the pulsed mode could
be used to identify the major compounds for m/z 126 and also to exclude a group of candidate isomers.
First, the photoelectron spectra of the three didehydronaphthalene isomers were calculated and plotted
in order to compare with the experimental PES for m/z 126 (Figure 5-22a). It is clear how the
corresponding PES features do not correspond to the peaks observed in the experimental PES. Thus, this
group of isomers was excluded from the analysis.
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Figure 5-22. Experimental and reference photoelectron spectra for m/z 126 obtained at 10 eV, a) comparison with
didehydronaphthalene isomers, b) and c) comparisons with diethynylbenzene isomers and Phenyldiacetylene.

On the other hand, literature PESs for the diethynylbenzene isomers (C¢Hs(C2H)2, [253]) were plotted
together with the calculated PES for phenyldiacetylene (CsHsCsH). Phenyldiacetylene comes from the
reaction of the phenyl radical with diacetylene, while the diethynylbenzene isomers from the HACA route
starting from phenylacetylene (H-abstraction and C;H, addition to the different carbons in the ring). From
an experimental point of view, the PES shows a huge drop separating the peak at 8.58 eV to the one at
9.39 eV. This behavior in the experimental PES suggests that 1,2- and the 1,3- diethynylbenzenes should
not significantly contribute in the reconstruction of the second part of the spectrum as the PESs of these
isomers do not decrease as the experimental profile. According to the PES simulation, phenyldiacetylene
has a photoionization energy of 8.59 + 0.05 eV which coincides with the first peak of the experimental PES
located at 8.58 eV. If this PES is used as the main contributor to the profile below 9.2 eV, the results in
Figure 5-22b would be obtained. In this case, the second peak at 9.39 eV is completely neglected. The use
of 1,4-diethynylbenzene PES to fit the first peak would lead to a slight better description of the PES
features at higher binding energies, as shown in Figure 5-22b. On the other hand, the second peak is still
underpredicted. It is not so clear at the moment why 1,4-diethynylbenzene would be favored compared
to the 1,3-diethynylbenzene isomer, while the HACA step in position 2 would definitely lead the formation
of the second aromatic ring (C10H7) and not of 1,2-diethynylbenzene. It is also not clear if other isomers
are present which would provide an additional contribution to the region around the 9.39 eV peak. All
these questions will require further calculations and/or experiments.

5.3.2.3 Species at m/z 128

The identification process for m/z 128 is another good example together with m/z 116 where the majority
of the signal comes from one single PAH molecule (Figure 5-23a). There is no doubt that naphthalene
(Ci0Hs, PI=8.09 £ 0.03 eV, [279]) is the most abundant PAH in this case, peaking at almost the same energy
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of the experimental PES (around 8.12 eV). The slight shift does not allow an automatic fitting to be
performed if the relative height of the peaks is selected as the reference target. Thus, the relative
contributions from the different isomers was manually adjusted. In particular, the relative height between
the experimental peak at 8.12 eV and the second one at 8.31 eV cannot be accurately reproduced by the
literature PES for naphthalene. Additionally, the literature PES for naphthalene is characterized by a
marked drop above 8.3 eV compared to the overall experimental curve of m/z 128. These observations
suggest the possible presence of other PAHs different than naphthalene. Naphthalene is produced mainly
by the dehydrogenation and ring-rearrangement steps from the CH;CsHg and CsHgCHs-1 radicals and from
methylindene (CgHe¢CH;) as shown in the scheme of Figure 5-23b. The recombination between the
naphthyl radicals and H and the H-abstraction by the naphthyl radicals to other products also play a major
role. The naphthyl radicals derive mainly from the reaction between C¢Hs and CsH,, while the CH3CqHe
radicals from stepwise pathways starting from the fuel radical C;H; reacting with the propargyl radical.
CH3CyHe decomposition also leads to the formation of 1H-Indene-1-methylene which is also formed by the
H-loss from CoHsCHs-1, another precursor of naphthalene. CsHgCHs-1 is one of the possible radicals of 1H-
Indene-1-methylene, and it derived from the reaction of indenyl radical with CHs;. Other pathways to
naphthalene include the cycloaddition fragmentation (CAF) mechanism [53] where o-benzyne comes from
the direct fragmentation of the fuel radical (C;H7 = 0-CsH4+CHs), and the reaction of C7Hs (from the benzyl
radical decomposition) with the propargyl radical.
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Figure 5-23. a) Experimental and reference photoelectron spectra for m/z 128 obtained at 8.5 eV, b) main pathways to the
formation of naphthalene in toluene pyrolysis.

Two possible isomers at m/z 128 were found in the literature, 3-buten-1-ynylbenzene (CsHsCCCHCH,,
[286]) and 4-Phenylbut-3-ene-1-yne (C¢HsCHCHCCH, [286]). Additionally to these, simulations for 4-
ethynylstyrene, m-ethynylstyrene (CeHa(C;Hs)C2H) and 1H-indene-1-methylene (CsHgCH,) were included
in the analysis as shown in the Figure 5-23a. 3-buten-1-ynylbenzene and 4-Phenylbut-3-ene-1-yne can be
formed from the reaction of the phenyl radical with vinylacetylene (C4Heg) while the ethynylstyrenes from
the acetylene addition to the styrene radicals. The simulated PES for 1H-Indene-1-methylene (P1=8.14 eV)
was found to have a significant impact (signal contribution of 10%) increasing the convolved signal in the
region around 8.2 eV in order to best fit the overall experimental signal. This is in agreement with single
pulse/GC experiments where 1H-Indene-1-methylene was identified among benzene pyrolysis products
[65]. The 4-ethynylstyrene (P1=8.32 eV), 3-buten-1-ynylbenzene (PI1=8.26 eV, [286]) and 4-Phenylbut-3-
ene-1-yne (P1=8.29 eV, [286]) isomers contribute to the second peak at 8.31 eV in order to keep the same
relative height with respect to the first peak at 8.12 eV. Finally, according to the convolved spectra some
small contribution comes from m-ethynylstyrene (Pl = 8.43 eV) in correspondence with the last peak at
8.45 eV. The ratio of all the contributions to the overall signal was found to be 70 : 5: 5 :5: 5: 10 for
naphthalene : 4-ethynylstyrene : 4-Phenylbut-3-ene-1-yne : 3-buten-1-ynylbenzene: m-ethynylstyrene :
1H-Indene-1-methylene, respectively.

5.3.2.4 Species at m/z 130

This is a minor peak in both mass spectra obtained at 10 eV and 8.5 eV. However, the identification of two
candidates were evaluated here. Literature PES for 1,2-dihydronaphthalene (CioH10, [27]) was compared
with the overall signal in Figure 5-24, finding that its photoionization energy (8.01 + 0.01eV) corresponds
to the first shoulder located at around 8 eV. The PES for 1-methylindene (C9H;CHs) was also calculated.
The corresponding profile shows a photoionization energy of 8.13 + 0.05 eV, which is within the
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uncertainty of the experimental peak observed at 8.1 eV. 1-Methylindene is a PAH compound included in
the model developed in previous study on toluene pyrolysis using SPST/GC-GC/MS. The peak located at
8.34 eV is also captured by the simulated PES for 1-methylindene. 1,2-dihydronaphthalene should be
formed from the hydrogeneration of naphthalene, while 1-methylindene from the recombination
reaction of the indenyl radical with CHs.
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Figure 5-24. Experimental and reference photoelectron spectra for m/z 130 obtained at 8.5 eV.

The uncertainties in the PESs of the two selected isomers do not allow a better fit of the experimental PES
with the convolved one. In particular, the first shoulder located at 7.83 eV is not perfectly captured as well
as the last peak at around 8.45 eV. The signal contribution was determined to be 57: 43 for 1,2-
dihydronaphthalene: 1-methylindene, respectively.

5.3.2.5 Species at m/z 140

The m/z 140 (CiiHs) is one of the biggest peaks in both mass spectra (Figure 5-16 and Figure 5-20).
Surprisingly, only one possible candidate among the Ci1Hs isomers, 1H-cyclopropa[b]naphthalene [287],
has been studied in the past for the determination of the corresponding photoelectron spectra. Thus,
more than 30 isomers were considered in the ab-initio study. Since the simultaneous analysis of all the
calculated PES is very challenging, nine different graphs are presented in Figure 5-25 for clarity purpose
where the experimental PES signal for m/z 140 is compared with different groups of isomers.

Two different binning procedures were performed to the raw data in order to get the experimental PESs
shown in the Figures. One PES, named “2 binning” in the graphs, is less binned than the other (“4 binning”)
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and this allows the derivation of sharper peaks for easier isomer identification. However, even if both data
have consistent spectral features, the less binned data is preferred because of its bigger S/N
characteristics. The PES calculations are not binned in the Figures but for the convolution process that will
be presented later they will be binned to match the resolution of the experimental PES.

Figure 5-25a compares two cyclopropanaphthalene isomers to the experimental profile. These species
can be formed starting from the reaction of the methyl radical with the naphthyl radical and subsequent
H-losses and rearrangements. The PES for 1H-cyclopropa[b]naphthalene from the literature (Plyertical = 8.03
+0.02 eV, [287]) and the calculated PES for the same compound (PI=8.12 + 0.2 eV) well corresponds. The
literature PES will be used in the convolution procedure. The first peak in the profile closely matches the
peak of the experimental PES located at 8.13 eV. 1H-cyclopropa[a]naphthalene is the only PAH available
among all the PES simulations that has features in correspondence with the first rise in the experimental
profile observed starting at around 7.85 eV. This means that 1H-cyclopropa[alnaphthalene is one of the
major m/z 140 products, which is surprising since this PAH species has not been reported in the literature
as a possible product of pyrolytic or soot related studies.
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Figure 5-25. Experimental and reference photoelectron spectra for m/z 140 obtained at 8.5 eV among with the nomenclature of
the PAH studied at m/z 140.

Ethynyl-indene isomers (CosH7C,H) can be produced from reactions of indene radicals (including indenyl
radical) with C;H,. Both species are present in large amounts in the current kinetic system. All the possible
isomers are compared to the experimental PES in Figure 5-25b. Considering the calculation uncertainties,
2-ethynyl-1H-indene and 6-ethynyl-1H-indene have similar profiles, while three compounds have PI
between 8.15 and 8.25 eV (4-ethynyl-1H-indene, 5-ethynyl-1H-indene, and 3-ethynyl-1H-indene). Finally,
1-ethynyl-1H-indene and 7-ethynyl-1H-indene have higher Pl energies. By matching the exact peak
location of the experimental profile, the isomers which are more likely to be present are 1-ethynyl-1H-
indene (Pl = 8.31 + 0.05 eV) matching with the peak at 8.33 eV, 2-ethynyl-1H-indene (Pl = 8.01 + 0.05 eV
vs the peak at 8.0 eV in the experimental profile) and 4-ethynyl-1H-indene (Pl = 8.19 + 0.05 eV) in
coincidence with the peak at 8.18 eV. The presence of the other isomers cannot be completely excluded
due to the related uncertainties.

Three ethynyl-propadienyl-benzene isomers were also compared to the experimental PES for m/z 140
(Figure 5-25c). Ethynyl-propadienyl-benzenes can be formed from the reaction of the phenylacetylene
radicals with CsHs. The 1-ethynyl-4-propadienylbenzene profile (Pl = 8.12 + 0.20 eV) seems to peak at the
same position of 1H-cyclopropalb]naphthalene and in correspondence with the peak located at 8.13 eV
in the experimental profile. However, after the profiles are binned, the corresponding shapes might
slightly change, as shown in the analysis of m/z 90 where the relative heights between the first and second
peaks are affected by the binning procedure. 1-Ethynyl-3-propadienylbenzene (Pl = 8.33 + 0.05 eV) is also
a possible isomer as its profile peaks as the experimental PES at 8.33 eV competing with 1-ethynyl-1H-
indene. On the other hand, the PES of ethynyl-1H-indene has a second large peak at 8.38 eV which helps
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the construction of the experimental profile around 8.4 eV. For this reason, a higher contribution from 1-
ethynyl-1H-indene is expected compared to 1-ethynyl-3-propadienylbenzene.

Six ethynyl-prop-ynyl-benzene isomers (which could be formed once again from the reaction of the
phenylacetylene radicals with CsHs) are presented in the Figure 5-25d but no significant contributions
were estimated for the overall PES signal. This is due to the fact that none of the simulated PESs contains
peaks that match major peaks of the experimental PES. The contributions from the buta-diyn-yl-
methylbenzene isomers are also minor (Figure 5-25e). These species could be formed by methylation of
phenyldiacetylene (C¢HsCsH,) as produced in high concentrations based on the analysis of m/z 126. The
profiles of benzene,1-(1,3-butadiynyl)-4-methyl- and 1-(buta-1,3-diyn-1-yl)-2-methylbenzene (8.41 + 0.20
eV) have peaks which match with the peaks in the experimental PES located at 8.33 eV and 8.4 eV,
respectively.

Six diethynyl-methylbenzene isomers were also considered as possibly formed from the methylation of
the diethynyl-benzene isomers (Figure 5-25f). Only 1,2-diethynyl-4-methylbenzene (8.45 + 0.20 eV) was
found to ionize below 8.5 eV. The contribution from this group of isomers cannot be then confirmed or
confuted based on the current measurements. However, since the formation of the buta-diyn-yl-
methylbenzene isomers has been proven to be negligible, the one of the diethynyl-methylbenzenes
should be even lower as the concentration of phenyldiacetylene is higher compared to the diethynyl-
benzenes (see m/z 126). In addition to the diethynyl-methylbenzene isomers, three other isomers were
discarded from the analysis (Figure 5-25h and i). This is the case for 1,4-pentadiynylbenzene (possibly
from phenylacetylene + propargyl) and 5-phenyl-1,3-pentadiyne (possibly from benzyl + diacetylene) as
well as for 2H-indene, 2-ethenylidene whose PES is available in the literature [287]. The first two ionize at
energies higher than 8.5 eV, while the third does not have any feature which can correspond to the
experimental m/z 140 profile (plus the species is not likely to be formed from a kinetic perspective).

Finally, two isomers phenyl! allenyl acetylene (CéHsCHCCHCCH, 8.41 + 0.05 eV) and C#CC(=C=C)c1cccccl (a
branched alkylated aromatic, Pl = 8.27 + 0.05 eV) were also simulated and compared to the experimental
PES (Figure 5-25g). C#CC=C=Cclcccccl seems to well capture the two last peaks located at 8.4 eV and 8.48
eV although the peak at 8.48 eV could be an artifact of the energy cut at 8.5 eV. Anyway, this species may
be influencing the formation of the peak at 8.4 eV.

Due to the fact that some of the compounds ionize after or before the region of interest for m/z 140, only
21 isomers were considered for the optimization of the convolved isomer spectrum. Of these 21, only
nine isomers were found to have some impact on the overall signal (> 1 % contribution). These 9 isomers
are presented in Figure 5-26. The list of species is also presented in Table 5-3
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Figure 5-26. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 140 obtained at 8.5 eV.

Table 5-3. List of PAH species influencing in the formation of m/z 140.

1H-cyclopropalalnaphthalene 34.4%
1H-cyclopropa[b]naphthalene 23.0%
1-ethynyl-1H-indene 10.3%
2-ethynyl-1H-indene 17.2%
4-ethynyl-1H-indene 1.1%
5-ethynyl-1H-indene 1.1%
6-ethynyl-1H-indene 1.1%
7-ethynyl-1H-indene 1.1%
phenyl allenyl acetylene 5.3%

5.3.2.6 Species at m/z 142

Similar to m/z 130, the m/z 142 (C11H10) peak is small in both 10 eV and 8.5 eV mass spectra but the signal
is large enough in the 8.5 eV dataset to allow identification of the two possible isomers proposed here. In
this case, two different binned experimental PESs are presented in Figure 5-27, the first one (on the left)
more binned than the second one (right graph). The PES of 2-methylnaphthalene is taken from the
literature measurements [288] while the one of 1-methylnaphthalene was calculated. Isomers of
methylnaphthalene are identified according to the peaks present in the less binned PES.
Methylnaphthalenes are produced from methylation of naphthalene (Ci0Hs + CHs) and as presented in the
PES comparison the first peak found at 7.90 eV corresponds to 2-methylnaphthalene (Plyertical = 7.83 £ 0.02
eV) while the one located at 7.97 eV can be attributed to 1-methylnaphthalene since the photoionization
energy for this PAH is 8.00 = 0.05 eV. The more binned experimental PES demonstrates that keeping the
same signal contribution between the two molecules provides a reasonable approximation of the
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experimental PES although part of the main peak at 8.13 eV is not perfectly captured by the convolved
profile. Additionally, the peaks located at 8.29 eV and 8.35 eV are also not captured by the spectral
features of the fitting curve which means that additional isomers should be present at m/z 142 but they
are not considered in the present analysis. In addition, very small peaks located at 7.59 eV and 7.73 eV
correspond to some missing minor compounds, although the signal level is just above the oscillations of
the baseline. The relative signal contribution of 1-methylnaphthalene and 2-methylnaphthalene was set
to be equal to 44 : 56.
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Figure 5-27. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 142 obtained at 8.5 eV.

5.3.2.7 Species at m/z 152

This is a common peak in PAH studies usually associated with the presence of acenaphthylene (ACi;Hs).
Acenaphthylene is an important PAH that can be produced from different pathways as already mentioned
in the introduction, i.e. by multiple hydrogen abstractions and acetylene additions steps (HACA) to the
benzene radical, phenyl (CsHs). Indeed, according to the previous study on toluene pyrolysis using single
pulse shock tube coupled to GC-GC/MS, acenaphthylene was one of the most abundant species from the
pyrolysis of toluene. In reality, at the conditions considered in the present study, the pathway through the
formation of biphenyl (from CgHs+CsHs, CsHs+CsHs) followed by H-abstraction to the biphenyl radical or
directly to the biphenyl radical (from CgHs+0-CsH4) followed by isomerization reactions [63] is one of the
dominant formation mechanism, together with the HACA route from the naphthyl radical. Another minor
pathway involves addition reactions of indenyl radical (CoH7) with the propargyl radical (CsHs). The Figure
5-28 presents the main pathways to the m/z 152 species.
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Figure 5-28. Main pathways to the formation of m/z 152 species.

The convolved isomer spectra in Figure 5-29 show a large contribution coming from the binned literature
PES of acenaphthylene (PI=8.012 + 0.014 eV[91]) which peaks as the experimental PES for m/z 152 at
around 7.99 eV. Another major isomer is 2-ethynylnaphthalene (Pl = 8.11 + 0.02 eV[289]) which accounts
for the experimental peak at 8.13 eV. 2-Ethynylnaphthalene is produced from the reaction of the 2-
naphthyl radical with acetylene. The corresponding 1-ethynylnaphthalene contributes much less to the
convolved spectrum as the reaction between 1-naphthyl radical with acetylene mainly leads to
acenaphthylene. The experimental profile shows features for binding energies lower than 7.8 eV. Isomers
whose PESs have signals in this energy range include biphenylene (CsHiCgH4, Pl =7.61 £0.02 eV[290]) and
cyclopentalalindene (Pl = 7.55 eV) from the theoretical calculations. A priori, both compounds can be
formed. Biphenylene can be produced from the isomerization and H-loss starting from the biphenyl
radical and, in minor proportion, from the self-recombination of o-benzyne (0-CsH4) radicals which are
possible candidates of m/z 76 peak observed at 10 eV. Cyclopentalalindene is an intermediate in the
isomerization of the biphenyl radical to acenaphthylene. The fact that similar spectral characteristics
appear in the binned PESs of cyclopenta[alindene and biphenylene does not allow the differentiation
between these two compounds whose photoionization starts at around 7.5 eV matching the same region
of the experimental PES. A 50%/50% relative proportion is assumed here but this hypothesis requires
further validation in future studies or with different techniques.
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Figure 5-29. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 152 obtained at 8.5 eV.

The relative signal contribution of acenaphthylene : 2-ethynylnaphthalene : biphenylene
cyclopentalalindene : 1-ethynylnaphthalene was determined as 61:25:4 :4:6, respectively.

5.3.2.8 Species at m/z 154

Several isomers found in literature were evaluated to identify the possible PAH species of m/z 154 (C12H10).
For instance, in the Figure 5-30a, the literature PES for biphenyl (C¢HsCgHs[291]) confirms that this is an
important PAH product at the current conditions as its first peak at 8.40 eV correspond to the marked
shoulder of the experimental PES at 8.38 eV, approximately. Biphenyl is produced from the reaction of
the phenyl radical with benzene and the H ipso-addition to methylbiphenyl (CsHsC¢H4CHs), mainly, but
also from the reaction of toluene with the cyclopentadienyl radical (CsHs) and the phenyl radical, the
recombination between the fullvenallenyl radical (C;Hs, from toluene thermal decomposition) and CsHs,
and the self-recombination reactions of phenyl radicals (C¢Hs). The phenyl radical is produced in large
amounts during benzene (C¢Hs) decomposition as reported in the previous shock tube study using
laboratory-based measurements [65], while the main pathway to CsHsCsH4CHs, is the reaction between
toluene and the phenyl radical. The dominance of the biphenyl isomer is confirmed from the PES obtained
in the 10 eV dataset (Figure 5-30c), where, despite the lower resolution for this experimental PES, the
general spectral characteristics of the profile are sufficiently highlighted. Considering other isomers, the
resolution of the experimental PES obtained at 10 eV for m/z 154 is not enough to determine the relative
contributions from the vinylnaphthalene isomers which mainly come from the reaction of indenyl radical
with the propargyl radical, based on the modeling results. In the Figure 5-30a, the experimental PES
obtained at 8.5 eV is compared with the literature PES for 1-vinylnaphthalene (Plyertical = 7.89 + 0.02
eV[289]) and the simulated PES for 2-vinylnaphthalene (7.93 + 0.05 eV). The features of the literature PES
for 1-vinylnaphthalene contain a very broad peak which a priori does not allow to separate its contribution
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from the one of 2-vinylnaphthalene. Thus, a calculation was performed on 1-vinylnaphthalene (graph at
the center) which clearly show the presence of two distinguished peaks the first being at 7.86 eV. This is
consistent with the literature Pl of 7.89 + 0.02 eV. Thus, the first part of the experimental profile is
influenced almost entirely by 1-vinylnaphthalene, while around the first experimental peak both 1-
vinylnaphthalene and 2-vinylnaphthalene contribute to the convolved profile.
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Figure 5-30. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 154. a) using literature

PES for 1-vinylnaphthalene and at 8.5 eV, b) using calculated PES for 1-vinylnaphthalene and at 8.5 eV, c) using literature PES for
1-vinylnaphthalene and at 10 eV.

Additionally, the simulated PES benzobarrelene (Pl = 7.58 eV) and the literature PES for acenaphthene
(7.7 + 0.014[91]) were considered in the determination of the sum of convolved isomer spectra. Their
contribution is only minor. The results showed that either using the simulated or literature PES for 1-
vinylnaphthalene, the changes in the relative signal contributions from all the PAH isomers are nearly
identical. The ratio between acenaphthene/biphenyl (2/62) in m/z 154 is small at the pyrolytic conditions
studied, different to the recent low-pressure CHs/N»/O; sooting flame study with i2PEPICO where similar

signal contributions were reported for acenaphthene and biphenyl (31/26) at a height above burner (HAB)
of 9 mm [91].

The signal contributions for biphenyl : 1-vinylnaphthalene : 2-vinylnaphthalene : acenaphthene :
benzobarrelene were found to be 61.5:19.2 : 15.4 : 1.9 : 1.9 when literature PES for 1-vinylnaphthalene
was implemented in the optimization procedure, while the signal contributions when the calculated PES
for 1-vinylnaphthalene was used were found to be 60.2 : 21 :15: 1.9 : 1.9, respectively.
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5.3.2.9 Species at m/z 156

Although this is a very small peak in the mass spectrum obtained at 8.5 eV, an attempt for the
identification of the PAH compounds is presented in Figure 5-31. The only available PESs found in
literature that could be related to this mass are: 1,8-dimethylnaphthalene [292], 1,4-dihydro-1,4-
ethanonaphthalene [293], 6-methyl-1,4-dihydro-1,4-methanonaphthalene [294], and 2-
ethylnaphthalene [279]. 2-Ethylnaphthalene and 1,8-dimethylnaphthalene could be contributing at the
beginning of the overall signal but their contribution cannot be confirmed due to the low S/N in this
region. Specifically, the 1,8-dimethylnaphthalene profile could be used to match the peak at 7.77 eV but
its photoionization energy is 7.5 eV. 2-Ethylnaphthalene has a Plyerticat Of 7.95 eV which is quite far from
the experimental peak at 7.77 eV.
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Figure 5-31. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 156 at 8.5 eV.

For m/z 156, mostly 1,4-dihydro,1,4-ethanonaphthalene could be a potential candidate to contribute to
the experimental signal since its photoionization peak of 8.12 eV coincides with the same of the
experimental PES. 1,4-dihydro,1,4-ethanonaphthalene could be produced from cycloaddition of benzene
and o-benzyne followed by hydrogenation. A contribution of nearly 85 % is obtained for 1,4-dihydro,1,4-
ethanonaphthalene in the current analysis, but more studies should be performed in order to complete
the study of m/z 156, e.g. calculations on 1-ethylnaphthalene and other possible candidates which might
account for the experimental features at higher energies.
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5.3.2.10 Species at m/z 166

This peak is the biggest signal present in the mass spectrum of Figure 5-20. According to the literature
review, the only available PES for the m/z 166 isomers corresponds to fluorene (FCi3H10[291], [295]).
Fluorenyl radical was also detected in m/z 165 as evidenced in the mass spectrum. In previous study on
toluene pyrolysis with single pulse shock tube coupled to GC-GC/MS, fluorene was detected and modeled
[65]. At the current conditions, fluorene is mainly formed from the recombination of fuel radical benzyl
with phenyl (C;H7 + CsHs) and subsequent dehydrogenation of diphenylmethane (C¢HsCH,CsHs) as well as
from the dehydrogenization of Ci13H11 from the reaction between the benzyl radical and m-benzyne. Based
on results of the previous study on toluene-propyne co-pyrolysis where major CisHio isomers were
identified [74], several species were selected as possible candidates for the identification of m/z 166 and
ab-initio calculations on the corresponding PESs were performed. The sum of the convolved isomer
spectra that best fit the experimental PES for m/z 166 is shown in Figure 5-32 along with the binned PESs
that mainly contribute to the overall signal.

The biggest contribution to the m/z 166 comes from fluorene profile that peaks at 7.944 + 0.05 eV, in
correspondence with the peak located at 7.92 eV in the experimental PES signal. Taking advantage of the
calculated PESs, other species can be attributed to the remaining peaks of the experimental signal. At low
photon energies, a small shoulder around 7.5 eV relates to the simulated PES for 1H-phenalene (PCizHo,
PI=7.5 + 0.05 eV) followed by 3H-benz[e]indene (Ci3H10, PI=7.60 + 0.05 eV) that peaks at around 7.6 eV.
1H-Phenalene derives mainly from the ring-expansion of Ci;H;CH,, while 3H-benz[elindene from the
reaction of 1-methylnaphthalene radical (Ci0H;CH2) with acetylene. Addition of a small amount of 1h-
benz[flindene (CioH;CYC5-2, Pl = 7.72 + 0.05 eV) helped improving the fit in the curvature around 7.72
eV, while the contribution from 1-(1-naphthyl)-1-propyne (1-C10H7CCCHs, PI=7.84 £ 0.05 eV) provided the
signal necessary to complete the shoulder located at around 7.84 eV, just before the biggest peak
corresponding to fluorene. The corresponding 2-propynyl naphthalene (2-C10H;CCCHs, P1=7.92 £+ 0.05 eV)
is also present in considerable concentrations. The photoionization energy is very similar to the one of
fluorene, but its contribution is mainly essential to fit experimental features at higher energies, as the two
peaks at 8.11 eV and 8.31 eV match with the experimental shoulder at 8.10 eV and the small peak at 8.30
eV, respectively. The two species can be produced by the reactions of the 1-,2-naphthyl radicals with
propyne and the 1-,2-ethynylnaphthalenes with the methyl radical.
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Figure 5-32. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 156 at 8.5 eV
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Two additional isomers were employed to improve the fitting of the region near the second highest
experimental peak. The photoionization of 2-prop-2-ynyl-naphthalene (2-C10H;CH,CCH, PI = 8.03 + 0.05
eV) matches exactly with the peak located around 8.05 eV with less than 20 meV difference. The second
isomer, 1-prop-2-ynyl-naphthalene (1-C10H;CH,CCH , P1=8.08 + 0.05 eV), was also included in the sum of
convolved spectra helping to complete the profile near the previous peak. These two isomers are formed
from the reactions of the naphthyl radicals with CsH3 and CsHa.

The relative signal contributions are presented in Table 5-4.

Table 5-4. List of PAH species influencing in the formation of m/z 166.

fluorene 39%
3H-benz[e]indene 11%
1-(1-naphthyl)-1-propyne 14%
2-propynyl naphthalene 14%
1H-phenalene 7%

2-prop-2-ynyl-naphthalene 8%
1-prop-2-ynyl-naphthalene 7%
1H-benz[f]indene 2%
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If the simulation is run several times considering a different number of isomers or a different combination
of isomers, the signals contributions from Table 5-4 may slightly change. In the specific case, for the major
species, fluorene, the signal contribution varies around 37 + 2.6 %.

5.3.2.11 Species at m/z 168

This is a small peak in the mass spectrum. This is mainly due to the fact that the most abundant isomer,
diphenylmethane, ionize at 9.1 eV [296]. The dominance of the diphenylmethane isomer is confirmed
from the PES obtained in the 10 eV dataset (Figure 5-33b), where, despite the lower resolution for this
experimental PES, the general spectral characteristics of the profile are sufficiently highlighted.
Concerning the contribution to the measured PES at 8.5 eV, the most probable species are the
methylbiphenyl isomers. Unfortunately, the literature PESs for these compounds do not present sharp
peaks. However, a fitting was obtained as in the Figure 5-33a, where it is shown how 2-methylbiphenyl
(around 17%) is the minor species in this case. On the other hand, the relative signal contributions of 3-
methylbiphenyl and 4-methylbiphenyl have similar values (around 42%).
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Figure 5-33. a) Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 168 at 8.5 eV, b) PES
comparisons with 10 eV data.
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5.3.2.12 Species at m/z 176

This is a relatively large peak in the mass spectrum of Figure 5-16 and Figure 5-20, so analyses with a lower
binning can be performed to help the identification when a large number of isomers needs to be
distinguished in the experimental photoelectron signal, like in this case. In particular, 18 isomers were
considered for the analysis, with 16 PESs from ab initio calculations and 2 from literature data.

In the Figure 5-34a, four isomers of ethynylacenaphthylene are compared with the experimental PES of
m/z 176 along with pyracyclene (Pl =7.564 + 0.05 eV) and cyclopenta[bc]acenaphthylene (PI=7.56 + 0.20
eV). The origin of all these species is common, as they can be formed from the reaction of the
acenaphthylene radicals with C;H,. Pyracyclene and cyclopenta[bclacenaphthylene could contribute to
the low energy part of the spectrum although the oscillations in the experimental signal do not allow a
clear identification of the corresponding features. The two species have similar PESs and the signal level
in that region is too small to be able to differentiate between them, so equal contributions are attributed
to pyracyclene and cyclopenta[bc]acenaphthylene. On the other hand, the ethynylacenaphthylene
isomers have higher Pl and the features of their PESs match with several peaks in the experimental profile.
4-Ethynylacenaphthylene (Pl = 8.03 + 0.05 eV) and 3-ethynylacenaphthylene (Pl = 8.06 + 0.05 eV)
contribute not only to the largest peak of the experimental PES located at 8.06 eV, but also to other minor
peaks at 8.20 eV, 8.12 eV and at 8.26 eV. Nevertheless, the reference PES for 3-ethynylacenaphthylene
cannot reproduce the relative heights between the two experimental peaks at 8.06 eV and 8.12 eV, which
means that necessarily contributions from other isomers are present. For example, the PES of 5-
ethynylacenaphthylene (Pl = 8.14 £ 0.05 eV) contains features which correspond to the peaks located at
8.12 eV and 8.30 eV. A smaller contribution from 1-ethynylacenaphthylene (PI=7.91 + 0.05 eV) influences
the fitting profile around the shoulder located at 7.9 eV in the experimental PES.

The second group of isomers include the diethynylnaphthalenes, from the reactions of the
ethynylnaphthalene radicals with acetylene. These isomers are presented in Figure 5-34b and c. The two
available PESs in the literature for 1,8-diethynylnaphthalene (Pl 7.88 + 0.02 eV[289]) and 1,5-
diethynylnaphthalene (Pl 7.91 £ 0.02 eV[289]) might contribute to the signal near the experimental peak
located at 7.84 eV, but this needs to be confirmed by additional analyses. The other species in Figure
5-34b have photoionization energies which are higher. In particular, the PESs of 1,2-diethynylnaphthalene
(P1=8.03 £ 0.10 eV), 1,3-diethynylnaphthalene (Pl = 8.05 + 0.10 eV) and 1,6-diethynylnaphthalene (Pl =
8.07 £ 0.10 eV) show peaks around the highest experimental peak.

Additional diethynyl-naphthalene isomers are compared to the experimental PES in Figure 5-34c. Among
these species, 1,4-diethynylnaphthalene is the one with lowest photoionization energy (Pl = 7.96 + 0.20
eV) which perfectly corresponds to the first major peak at 7.97 eV in the experimental profile. As 1,4-
diethynylnaphthalene is the only isomer contributing to this peak, its relative contribution to the m/z 176
signal will be significant. The PESs of 2,6-diethynylnaphthalene (Pl 8.07 + 0.20 eV) and 1,7-
diethynylnaphthalene have peaks which corresponds to the main experimental peak at 8.06 eV, similarly
to 1,3-diethynylnaphthalene. Finally, 2,3-diethynylnaphthalene has a photoionization energy (Pl =8.12 +
0.20 eV) which corresponds to peaks with 8.12 eV and 8.29 eV on the experimental PES.
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Figure 5-34. Comparison of experimental and reference photoelectron spectra for m/z 176 at 8.5 eV.

Butadiynyl-naphthalene isomers were also considered in the isomer selective identification of m/z 176,
as possibly produced from the reaction of the naphthyl radicals with diacetylene. According to the PES
comparison presented in Figure 5-34d, PES simulations for 1-(1,3-butadiynyl)naphthalene (PI=8.01 + 0.05
eV) and 2-buta-1,3-diynylnaphthalene (Pl = 8.00 + 0.05 eV) present very similar photoelectron spectra
both peaking with the peaks located at 8.02 eV and 8.20 eV of the experimental PES. Some contribution
coming from these two isomers is evidenced.

The sum of convolved isomer spectra considering the 18 isomers discussed above is presented in Figure
5-35. As expected 1,4-diethynylnaphthalene highly contributes to the overall signal among all the
diethynylnaphthalene isomers. Also, contributions from ethynylacenaphthylenes and butadiynyl-
naphthalene is clearly evidenced. An excellent fitting between the convolved curve and the experimental
PES of m/z 176 is evidenced in the Figure 5-35. The specific signal contribution for each PAH molecule is
presented in the Table 5-5:
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Figure 5-35. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 176 at 8.5 eV.
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Binding Energy (eV)

Table 5-5. List of PAH species influencing in the formation of m/z 176.

1-Ethynylacenaphthylene 4.6%
3-Ethynylacenaphthylene 8.4%
4-Ethynylacenaphthylene 5.4%
5-Ethynylacenaphthylene 4.6%
1,2-Diethynylnaphthalene 5.4%
1,3-Diethynylnaphthalene 7.2%
1,4-Diethynylnaphthalene 18.9%
1,5-Diethynylnaphthalene 2.7%
1,6-Diethynylnaphthalene 7.2%
1,7-Diethynylnaphthalene 1.1%
1,8-Diethynylnaphthalene 4.1%
2,3-Diethynylnaphthalene 7.4%
2,6-Diethynylnaphthalene 7.2%
2,7-Diethynylnaphthalene 0.9%

1-(1,3-Butadiynyl)naphthalene 5.4%
2-Buta-1,3-diynylnaphthalene 5.4%
Pyracyclene 2.0%
Cyclopenta[bclacenaphthylene  2.0%
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5.3.2.13 Species at m/z 178

This group of compounds contains some of the most common PAH intermediates involved in soot
formation. This is the case of anthracene (AC14H10) and phenanthrene (CisH10) who are the most abundant
species present in the experimental PES for m/z 178. According to the model developed in previous shock
tube works on toluene pyrolysis [65], phenanthrene can be produced from several routes depending on
the reaction time. These include the isomerization of anthracene, the recombination reaction between
two toluene radicals (CsHsCH3) and between two fullvenallenyl radicals (C;Hs), and the isomerization
fragmentation of C13H9CH, and isomerization of 9H-fluorene, 9-methylene (C13HsCH,). Ci13HsCH; is mainly
formed from the reaction of the benzyl radical with the fullvenallenyl radical and in a minor way from a
combination between fluorenyl radical (Ci3Hs, m/z 165) with methyl (CHs). A minor contribution to CisH1o
comes from the decomposition of CsHsCCHCsHs (from subsequent dehydrogenizations of bibenzyl)
directly or through the formation of diphenylacetylene (CsHsCCCg¢Hs). Anthracene is mainly produced from
the recombination of toluene radicals (C¢H4CH3) with benzyl radical (C¢HsCHy). All these reaction pathways
are reported in the scheme of Figure 5-36. Diphenylacetylene and 9H-fluorene, 9-methylene are also
possible stable intermediates contributing the experimental PES.

Figure 5-36. Main pathways to the formation of m/z 178 isomers in toluene pyrolysis.

From the comparison of reference PES to the experimental PES for m/z 178 in Figure 5-37 it can be noticed
that there is a shift of 60 meV between the literature PES for anthracene (Plyerticai=7.43 £ 0.03 eV[297]) and
the first peak found in the experimental PES which is 7.37 eV. Despite this inconsistency, just outside the
experimental uncertainties, the features of the experimental profile below 7.5 eV can be attributed with
confidence to anthracene.
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Figure 5-37. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 178 at 8.5 eV.

The next peak found in the experimental PES of m/z 178 is located at 7.56 eV coinciding with the higher-
level threshold energy determination for isomer 3-methylidenecyclopenta[a]naphthalene which is 7.56 +
0.05 eV. The formation of this species comes from the addition of methyl radical to 3H-benz[e]indene and
subsequent dehydrogenization. 3H-benz[e]indene is a major compound detected in m/z 166. The isomers
3-methylidenecyclopenta[b]naphthalene and 1-methylidenecyclopenta[a]lnaphthalene are instead
present in very small amounts, which agrees with the small contributions from the corresponding 1H-
benz[elindene and 1H-benz[flindene, respectively. The molecular structures of these isomeric species are
presented among with the related formation routes in Figure 5-38.

. +R -HR +CH -H
1H-benz[f]indene 3 2
+CH, -H

3H-benz[e]indene ©© 3-methylidenecyclopenta[a]naphthalene

Figure 5-38. Molecular structures and related pathways for the formation of mehtylenebenzoindenes.
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The peak at 7.89 eV in the experimental PES is attributed to phenanthrene (Pl = 7.88 + 0.035 eV[298])
according to the convolved spectra. In order to keep the same height ratio between peak at 7.89 eV and
the next one at 8.04 eV of the convolved profiles compared to the experimental one, the literature profile
for diphenylacetylene (Pl = 7.95 eV [259]) and the simulated PES for 9H-fluorene, 9-methylene (Pl = 7.95
+ 0.05 eV) were used. Diphenylacetylene (CiaH1o) is mainly produced from the di-dehydrogenization of
bibenzyl and then CsHsC;H,Cg¢Hs, and only from a minor contribution by combination of phenylacetylene
(CgHe) with phenyl (C¢Hs), while 9H-fluorene, 9-methylene from the reaction between the phenyl radical
and phenylacetylene and the thermal decomposition of CizH9CH,. Ci3HsCH; forms by recombination
between fluorenyl radical and CHs radical and subsequent rearrangement, and reaction between the
benzyl radical with C;Hs. Diphenylacetylene and 9H-fluorene, 9-methylene have similar PES shapes, with
a difference of 0.15 eV in their peak location. However, lower signal contribution was assigned to 9H-
fluorene, 9-methylene because the early ionization of this molecule would reduce the fitting accuracy
(minimum squared root) in the region between 7.89 eV and 8.04 eV.

Considering the selected isomers, the overall fit for this mass is very good and the individual signal
contributions are as it follows:

Table 5-6. List of PAH species influencing in the formation of m/z 178.

Anthracene 20.0%
3-Methylidenecyclopenta[b]naphthalene 1.8%
Phenanthrene 38.2%
Diphenylacetylene 22.0%
9H-Fluorene, 9-methylene 7.3%

1-Methylidenecyclopenta[a]naphthalene 1.8%
3-Methylidenecyclopenta[a]naphthalene 8.8%

5.3.2.14 Species at m/z 180

This peak appears to be very small in the mass spectrum acquired at 10 eV over 8 ms time but it is big
enough in the mass spectrum acquired in continuous mode at 8.5 eV, so that identification can be carried
out. This difference in relative importance in the two mass spectra may be due either to the different
photon energies or to the fact that in continuous acquisition mode reactions might continue after 8 ms.
Based on the kinetic analyses presented below, the first hypothesis is the most probable. In fact, the main
contributions for the m/z profile come from the stilbenes. Stilbenes are formed from the
dehydrogenization of bibenzyl, which is the main recombination product between benzyl radicals, thus
produced at early times in the toluene thermal decomposition. Two stilbene isomers are here considered,
the trans- and the cis- configurations [299]. Despite the fact the literature PESs are not characterized by
sharp features, the overall experimental profile is quite well reproduced (Figure 5-39). Here, the peak at
7.82 eV was attributed to literature PES of (E)-stilbene (Pl =7.87 £ 0.02 eV, CsHsC>H,CsHs[299]), while the
latest part of the profile to (Z)-stilbene (Pl = 8.17 + 0.02 eV[299]). The PES of 1,1-diphenylethylene (Pl =
8.00+0.01 eV, [255]) is quite similar to the one of (Z)-stilbene, especially considering the fact that the two
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PESs are quite spread over the binding energy range. However, the optimization procedure indicates that
(2)-stilbene has a major contribution compared to 1,1-diphenylethylene.
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Figure 5-39. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 180 at 8.5 eV.

Other isomers of m/z 180 are present, including 9-methylfluorene (Pl = 7.87 £ 0.05 eV), which is an
important intermediate to the CisHio isomers, produced from the reaction of fluorene with CHs. In
particular, the experimental peak at 7.96 eV is attributed to 9-methylfluorene. In order to capture the
small peak evident at 7.42 eV, PES simulations for 1-methyl-1H-phenalene (Pl = 7.48 + 0.10 eV), 3-methyl-
3H-cyclopentala]naphthalene (P1=7.53 £ 0.10 eV), 3-methyl-3H-cyclopenta[b]naphthalene (P 7.68 £ 0.10
eV) and 1-methyl-1H-cyclopenta[a]naphthalene (Pl = 7.61 + 0.10 eV) were included in the analysis.
According to the uncertainties of less than 0.1 eV associated with these calculations, 1-methyl-1H-
phenalene and 3-methyl-3H-cyclopenta[b]naphthalene are species far to be associated to the peak
located at 7.42 eV and could be also contributors to the shoulders found between 7.51 eV and 7.79 eV. 1-
methyl-1H-cyclopenta[a]naphthalene seems to match exactly with the shoulder located at 7.61 eV in the
experimental PES, but its formation should be minor as the corresponding precursor, 1H-benz[e]indene
(see m/z 166), is present in small amounts. Similar for 1-methyl-1H-cyclopenta[a]naphthalene. Thus, 1H-
benz[elindene and 1-methyl-1H-cyclopenta[a]naphthalene were not included in the analyses.

Due to the small differences in shape at the rising part of the sum of convolved isomer spectra with respect
to the experimental PES for m/z 180, a hypothesis could be that the peak of the experimental PES located
at 7.42 eV could mostly correspond to 1-methyl-1H-phenalene (Pl = 7.48 eV), and the first shoulder
located at 7.61 eV corresponds to 1-methyl-1H-cyclopental[a]naphthalene (Pl = 7.61 eV). On the other
hand, more accurate simulations or measurements on PESs of these species need to be performed or
additional isomers considered in order to have a better fitting of the experimental PES. The proposed
considerations are quite reasonable with respect to the current knowledge on the photoionization
energies of these compounds. 1,8-Diethenylnaphthalene is also reported in the literature [289]. The PI
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energy of this compound (7.72 eV, error not reported) is very similar to the shoulder located at 7.75 eV in
the experimental PES. On the other hand, the formation of this species is not probable, thus it was not
considered here. The relative signal contributions for the studied compounds are listed in the Table 5-7.

Table 5-7. List of PAH species influencing in the formation of m/z 180.

9-Methylfluorene 11.2%
(E)-Stilbene 35.6%
(2)-Stilbene 36.4%
1-Methyl-1H-phenalene 5.6%
3-Methyl-3H-cyclopentala]naphthalene 6.7%
1,1-Diphenylethylene 4.5%

5.3.2.15 Species at m/z 182

Isomers of m/z 182 were analyzed including literature PES for 3-3-dimethylbiphenyl, 2,2-dimethylbiphenyl
and 1,1-biphenyl, 2-ethyl [300]. Due to the rise on the experimental PES near 8.5 eV (Figure 5-40), the
convolved spectra favored the contribution of 2,2-dmethylbiphenyl to the signal while 3-3-
dimethylbiphenyl is associated to the peak evidenced at 8.12 eV. Only a small amount of 1,1-biphenyl, 2-
ethyl was included which increased the accuracy of the fitting near 8.5 eV. However, due to the low signal
intensity for the peak at m/z 182 only the two isomers of dimethylbiphenyl can be confirmed here. The
relative signal contribution was set to be 30 : 60 : 10 for 3-3-dimethylbiphenyl : 2,2-dimethylbiphenyl :
1,1-biphenyl, 2-ethyl-, respectively.

115 F ———pesm/z182
3-3-Dimethylbiphenyl (Maier 1972)
095
2,2-Dimethylbiphenyl (Maier 1972)
4
| 1,1-Biphenyl, 2-ethyl- (Maier 1972) s
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= | ===-- sum of convolved isomer spectra Vi
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Figure 5-40. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 182 at 8.5 eV.
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5.3.2.16 Species at m/z 202

This is the biggest peak among the PAH molecules larger than three rings. It is usually associated to pyrene
(PCi6H10, [27]) and fluoranthene (FCigH1o, [91]) in previous PAH formation studies. The literature PESs for
these two compounds are well known. According to the laboratory-based shock tube study on toluene
pyrolysis [65], pyrene is mainly produced by the HACA route through phenanthrenyl (Ci4Hs + C;H>), while
fluoranthene by the isomerization of phenylnaphthalene and H; elimination, as well as the reactions of
fluorenyl radical (CizHo) with propargyl radical. The photoelectron spectrum of a third isomer,
diphenyldiacetylene (CsHsCsCgHs), has been measured by Elbel [259], while several CigHio compounds
were calculated by ab-initio calculations. It is the case of the ethynylanthracenes and aceanthrylene from
the reactions of the anthracene radical with C;H,, as well as the benzene, 1-ethynyl-x-(phenylethynyl)-
isomers from the HACA route starting from diphenylacetylene. The corresponding PESs are presented in
Figure 5-41a together with the curves for pyrene [27] and diphenyldiacetylene [259].

The literature PES for diphenyldiacetylene seems to have similar shape to the experimental PES, although
the curve does not contain very sharp features, as reflected in the uncertainty for the determination of
its photoionization energy which is 7.9 £ 0.08 eV. On the other hand, the peak of this species’s PES located
at 8.1 eV almost coincides with a minimum on the experimental PES, while the drop in the experimental
PES above 8.25 eV is not present in the PES features for diphenyldiacetylene. These facts significantly
reduce the contribution of diphenyldiacetylene as it will be demonstrated in the analyses of the final
convolved isomer spectrum. Pyrene, on the other hand, is characterized by a photoelectron spectrum
with two marked peaks at 7.4 eV and at 8.25 eV, in correspondence with marked features of the
experimental PES. Ethynylanthracenes and aceanthrylene have very similar PESs, with photoionization
energy of 7.35-7.45 eV. Benzene, 1-ethynyl-2-(phenylethynyl) and benzene, 1-ethynyl-4-(phenylethynyl)
have also similar PESs, and their contributions should be minor in view of the fact that their peak does not
coincide with any feature of the experimental PES. On the other hand, benzene, 1l-ethynyl-3-
(phenylethynyl) has a photoionization energy of around 8.0-8.1 eV (0.1 eV uncertainty) coinciding with
the peak located at 8.05 eV of the experimental PES. Its contribution will then be relevant based on the
optimization routine, although from a kinetic point of view its formation should not be favored compared
to the benzene, 1-ethynyl-2-(phenylethynyl) and benzene, 1-ethynyl-4-(phenylethynyl) isomers. This
discrepancy could be due to uncertainties in the theoretical calculations, and further analyses are required
to clarify this hypothesis. Two different optimization results will be presented, with or without benzene,
1-ethynyl-3-(phenylethynyl).
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Figure 5-41. Comparison of experimental and reference photoelectron spectra for m/z 202 at 8.5 eV.

The second group of isomers is presented in Figure 5-41b. Six photoelectron spectra for the
ethynylphenanthrene isomers and for acephenanthrylene (all possibly formed by acetylene addition to
the phenanthryl radical) were simulated and compared to the experimental PES, along with the literature
PES of fluoranthene (Pl = 7.86 + 0.014 eV[91]). Excluding 2-ethynylphenanthrene, whose photoionization
energy is around 8 eV, the remaining compounds are characterized by similar Pls and in correspondence
with the first major peak of the experimental profile. On the other hand, the general profile of
fluoranthene does not show a considerable drop above 7.9 eV as the other isomers, better reproducing
the behavior of the measured PES. Additionally, literature PES for fluoranthene contains three peaks
matching the three main peaks of the experimental PES which are located at 7.87 eV, 8.05 eV and 8.22
ev.

The resulting sum of convolved isomer spectra from the optimization software is presented in the Figure
5-42. Fluoranthene and pyrene were found to be the most abundant species according to the presented
results. A simulated PES was included in the analysis finding that 4,5-vinylidenephenanthrene added some
contribution in the shoulder around 7.7 eV significantly improving the shape of the convolved spectra.
Two isomers were found to help in the rising of the second peak at 8.05 eV. These were Benzene, 1-
ethynyl-3-(phenylethynyl)- and 2-Ethynylphenanthrene. The relative signal contributions for all the
species including the minor ones in this optimization are presented in the Table 5-8.
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Figure 5-42. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 202 at 8.5 eV. Case of

study considering benzene, 1-ethynyl-3-(phenylethynyl) as big contributor.

Table 5-8. List of PAH species influencing in the formation of m/z 202. Case of study considering benzene, 1-ethynyl-3-

(phenylethynyl) as big contributor.

Fluoranthene 32.1%
Diphenyldiacetylene 1.1%
Pyrene 19.8%
Phenanthrylacetylen 0.5%
2-Ethynylphenanthrene 7.5%
3-Ethynylphenanthrene 3.2%
4-Ethynylphenanthrene 2.7%
9-Ethynylphenanthrene 2.7%
Benzene, 1-ethynyl-2-(phenylethynyl) 1.1%
Benzene, 1-ethynyl-3-(phenylethynyl) 13.9%
Benzene, 1-ethynyl-4-(phenylethynyl) 1.1%
1-Ethynylanthracene 0.1%
2-Ethynylanthracene 0.1%
9-Ethynylanthracene 0.1%
Acephenanthrylene 3.2%
4,5-Vinylidenephenanthrene 10.7%
Aceanthrylene 0.1%
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As mentioned above, if we consider chemical kinetic considerations, benzene, 1-ethynyl-3-
(phenylethynyl) should not be favored compared to the other positional isomers. Thus, another analyses
was performed reducing the contribution from this isomer (Figure 5-43). In this case, the fitting is less
accurate, in particular the relative heights of the three main peaks is not well reproduced by the convolved
signal. On the other hand, this fitting has more sense from a chemical point of view. The different
contribution percentages are reported in
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Table 5-9. There is not a significant modification in the relative signal contributions of the main species,
including pyrene, fluoranthene, ethynylphenanthrenes and 4,5-vinylidenephenanthrene. Thus, we can
assume that, based on the current knowledge, these percentages are quite good estimates considering
the uncertainties of the technique. Future work will have to be focused on more accurate determination
of the PESs and energetics of the possible kinetic pathways to clarify the results obtained here.
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Figure 5-43. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 202 at 8.5 eV. Case of
study reducing contribution from benzene, 1-ethynyl-3-(phenylethynyl).
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Table 5-9. List of PAH species influencing in the formation of m/z 202. Case of study reducing contribution from benzene, 1-ethynyl-
3-(phenylethynyl).

Fluoranthene 38.0%
Diphenyldiacetylene 1.3%
Pyrene 20.3%
Phenanthrylacetylen 0.6%
2-Ethynylphenanthrene 8.9%
3-Ethynylphenanthrene 3.8%
4-Ethynylphenanthrene 3.2%
9-Ethynylphenanthrene 3.2%

Benzene, 1-ethynyl-2-(phenylethynyl) 1.3%
Benzene, 1-ethynyl-3-(phenylethynyl) 1.3%
Benzene, 1-ethynyl-4-(phenylethynyl) 1.3%

1-Ethynylanthracene 0.1%
2-Ethynylanthracene 0.1%
9-Ethynylanthracene 0.1%
Acephenanthrylene 3.8%
4,5-Vinylidenephenanthrene 12.7%
Aceanthrylene 0.1%

5.3.2.17 Species at m/z 226

This peak corresponds to some of the largest molecules that could be identified with the experimental
PES, even if the signal levels in both mass spectra were low. Literature PESs were used to identify the PAH
species, finding that 1-ethynylpyrene peaks at 7.41 + 0.02 eV [298] and could potentially correspond with
the experimental peak at 7.45 eV (Figure 5-44). Additionally, there is another peak in the experimental
PES at 8.34 eV also present in the literature PES of 1-ethynylpyrene which supports the high possibilities
for the presence of this species. Benzo(ghi)fluoranthene, a four-ring species commonly attributed to soot
nucleation process, was also identified here as a highly possible isomer since the shoulder evidenced at
7.87 eV coincides with the photoionization energy of this molecule (7.874 + 0.014 eV[91]). The two
compounds can be produced by reactions of pyrene and fluoranthene radicals with acetylene,
respectively. There are of course many additional possible isomers, and, as a consequence, the
experimental PES is not fully reproduced by the convolved curve, e.g. around the peak at 8.1 eV. On the
other hand, the presence of 1-ethynylpyrene and benzo(ghi)fluoranthene highlights the importance of
the HACA mechanism for PAH growth kinetics.
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Figure 5-44. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 226 at 8.5 eV.

5.3.2.18 Species at m/z 228

A very low signal level was obtained for this peak in the mass spectrum of Figure 5-20. However, the sum
of convolved isomer spectra provides an insight on the most probable species present at m/z 228. For
this, literature PESs for chrysene[301], 1,2-benz[a]anthracene[301], triphenylene[290], and 1-
(phenylethynyl)naphthalene[302] were used and compared to the experimental PES after being binned
to the adequate resolution.

The most abundant species was found to be triphenylene from the point of view of signal contribution
since its photoionization energy of 7.89 + 0.04 eV coincides with the peak at 7.86 eV (Figure 5-45). In
previous investigations on phenyl radical pyrolysis, Comandini et al.[63] suggested that triphenylene can
be formed by reactions of o-benzyne with biphenylene, in addition to the isomerization of o-terphenyl
(which on the other hand is associated to relatively high activation energies, 84.7 kcal/mol based on [101])
or the more probable HACA route from phenanthrene through 9-ethynylphenanthrene. 1,2-
Benz[a]anthracene could also be present as its PES is characterized by a large peak at 7.45 eV; on the
other hand, its contribution is limited by the absence of a peak in the experimental profile in
correspondence with the 1,2-benz[alanthracene profile peak at 8.1 eV. Finally, the fitting procedure
predicts the presence of both chrysene and 1-(phenylethynyl)naphthalene. The latter can be formed from
the reaction between the naphthyl radical with phenylacetylene, while 1,2-benz[alanthracene and
chrysene from the HACA route starting from the three-ring compounds anthracene and phenanthrene.
The relative contributions from the presented isomers was set to be 10.4 : 11.3 : 56.5: 21.7 for chrysene
: 1,2-benz[alanthracene : triphenylene : 1-(phenylethynyl)naphthalene, respectively.
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Figure 5-45. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 228 at 8.5 eV.

It is also interesting to mention here that the contributions needs to be corrected by the photoionization
cross sections but such contributions may not vary considerably for large isomers. For instance, Y. Li [265]
estimated that at 8.5 eV the PICS for chrysene is 12.4 Mb and for 1,2-benz[a]anthracene 14.4 Mb, while
at 10 eV these are 51.5 Mb and 55.1 Mb, respectively. The proposed percentages should be quite
representative of the actual species proportions.

5.3.2.19 Species at m/z 230

The photoelectron spectra of m/z 230 was mainly related to the presence of terphenyl isomers covering
the three major peaks at 7.97 eV, 8.18 eV, and 8.34 eV (Figure 5-46). Comandini et al.[63] reported that
that these species can be formed during reactions of biphenyl (Ci2Hi0) with phenyl (C¢Hs) as well from
reactions of biphenyl radical (o-m-pCizHs) with phenyl (C¢Hs). Unfortunately, the literature PES for the
three isomers was not sharp enough and the most rational consideration was to attribute contributions
from m-terphenyl[303] to the peaks located at 7.97 eV and 8.34 eV while o-terphenyl[303] and p-
terphenyl[304] to the one at 8.18 eV. This lack of sharpness in the literature PES, does not allow to recreate
a well-defined sum of convolved isomer spectra and further studies should be addressed in order to
reduce the uncertainty in the determination of the relative signal contributions of these species. Actually,
from the signal level for m/z 230 the identification starts becoming quite challenging. The available PES
for Naphtho[1,8',8:c,d]cycloundeca-1,5-diyne [305] could be used to explain the small peak at 7.45 eV
since the photoionization energy for this molecule is 7.5 eV. Nevertheless, the presence of this species is
very unprovable from the chemistry point of view, plus the uncertainty for this measurement of Pl for
Naphtho[1,8',8:c,d]cycloundeca-1,5-diyne is unknown which leaded to the decision of excluding it from
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the analysis. The signal contributions for the considered species are 27.2 : 18.5: 54.3 for p-Terphenyl : o-
Terphenyl : m-Terphenyl.
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Figure 5-46. Comparison of experimental, reference and convolved isomer photoelectron spectra for m/z 230 at 8.5 eV.

5.3.3 Detection of larger polycyclic aromatic hydrocarbons and kinetic considerations

Based on the results discussed in the previous paragraphs, several common pathways can be identified,
including the HACA route, the addition of resonantly stabilized radicals (CsHs, C7H7), addition of the phenyl
radical and cyclization, methylation, and diacetylene addition to aromatic radicals. By integrating the
peaks in Figure 5-16, the general exponential trend in terms of signal response for the different m/z can
be obtained as in Figure 5-47. In this figure, the full dots represent the species with higher signals in the
specific m/z range. The analyses performed in previous sections provide information on the major
isomeric components for each m/z up to ~ 230. Some of the isomers are reported in the figure, starting
from benzene, phenylacetylene, naphthalene and acenaphthylene which have been identified as
predominant isomers. For larger masses, the analyses become more complicated as the number of
possible compounds increases almost exponentially with the number of carbon atoms, while the signal
level decreases.

On the other hand, looking at the global trends, it is clear how the major peaks are separated by m/z 24
and 26, corresponding to the HACA mechanisms, e.g. acetylene addition to aromatic radicals followed by
H-elimination or formation of an additional ring after H addition, respectively. Figure 5-16 contains
examples of isomers which can be produced through such mechanisms up to m/z 426 (Cs4Hs). The species
have been chosen based on the hypothesis that the main contributions would come from reactions

145



involving smaller species with higher concentrations (thus, other smaller species corresponding to the full
dots). Of course, the list is far from being exhaustive, especially considering that each large species has
also a considerable number of positional isomers. On the other hand, this simplified view gives an idea of
the possible pathways and intermediate structures. In particular, the current analysis is limited to the
reactions starting with phenanthrene, the main CisHyo intermediate (m/z 178). H-abstraction and C;H,
addition can lead to the formation of pyrene and 9-ethynylphenanthrene, observed as main compounds
for m/z 202 (section 5.3.2.16), while a subsequent HACA step to m/z 226 and 228. In the specific case, 1-
ethynylpyrene and triphenylene were observed in sections 5.3.2.17 and 5.3.2.18 as main intermediates.
The following growth to larger PAHSs follows the same kinetics of the small species. For example, m/z 276
can be produced from m/z 252 with the addition of acetylene followed by H-elimination (formation of an
ethynyl moiety — route R1 in Figure 5-48, or of a C5 ring — route R2, or another ring in case of a bay in the
PAH structure — route R3). In addition, the formation of an additional ring is possible in case of reaction
with a compound which already contains an ethynyl moiety (reaction path R7). These mechanisms can
generate two main type of structures, fused with up to 10 rings or elongated, depending on the specific
growth sites. The compounds can also contain ethynyl moieties and C5 ring structures. In addition to the
HACA mechanism, the major m/z species can also be formed through reactions involving the phenyl
radical, similar to the reaction leading to the formation of fluoranthene and phenylnaphthalene from the
naphthyl radical + phenyl. These possible isomeric compounds are presented in blue in Figure 5-47, with
an example in Figure 5-48 (R8). There could be other isomers possible from the reactions of aromatic
radicals with diacetylene. On the other hand, the results described for smaller molecules suggest that
these pathways would be minor compared to the reactions of the same radicals with acetylene, so they
were not considered in the analyses.

The second series of species presented in Figure 5-49 concerns minor peaks in Figure 5-16. Above m/z
350, the signal for these minor peaks is not as sharp as for lower m/z values, thus the associated errors
become larger in terms of integration. On the other hand, these data provide a qualitative understanding
of the larger structures. As for previous analyses, in order to simplify the results, only possible formation
reactions involving major intermediates presented in Figure 5-47 are considered. In particular, the
different isomers were selected based on various reaction pathways observed in the chemistry of small
intermediates: 1) HACA routes as in R1, R2, R3, R7 in Figure 5-48 (black species in Figure 5-49), including
also addition of CsH; to aromatic radicals, similar to the reaction between phenyl radical with diacetylene
forming phenyldiacetylene + H; 2) methylation as in R4 (green species); 3) formation of 5-member rings
from i) propargyl radical addition / ring-closure and H-elimination (R6), and ii) acetylene addition to benzyl
group / ring-closure and H-elimination (R5), similar to the formation pathways for indene formation from
the benzene (red species); 4) addition of a phenyl radical or a benzyl radical (R8 and R9, blue species),
similar to the reaction of CgHs + CioHs to fluoranthene/phenylnaphthalene and C;H; + CgHe¢ to
fluorene/diphenylmethane.

Each growth reaction corresponds to a specific m/z addition, for example methylation will generate an
increment of 14 in the m/z. By looking at the m/z values in Figure 5-49 and Figure 5-47, it is possible to
derive a map of possible associations based on the m/z differences. When a reaction involves a species
with multiple isomers (for example, methylation of m/z 276 (see Figure 5-47 for possible structures) to
form m/z 290), only one example is considered (usually referring to fused structures). Thus, as for Figure
5-47, the current analysis contains only a simplified scheme of few possible isomers formed from toluene
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pyrolysis with the goal of providing a schematic view of the different kinetic pathways based on
considerations of the m/z values observed experimentally. In addition, the minor species can also be
formed from the HACA route from smaller compounds as they can be divided by a m/z of 24 or 26. Figure
5-50 shows an example of possible competition between benzyl radical additions and HACA route for the
formation of a m/z 290 isomer (Ca3H14).

ak area (a.u.)

Figure 5-47. Exponential trend from integrating peak areas for the different m/z along with examples of isomers which can be
produced through HACA (black) and phenyl mechanisms (blue).
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Figure 5-48. Examples of different routes implied in the formation and growth of large PAH compounds like HACA mechanism
(black), reaction with methyl (green), propargyl (red), phenyl and benzyl (blue).
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Figure 5-49. Exponential trend from integrating peak areas for the different m/z along with examples of isomers which can be
produced through HACA mechanism (black), reaction with methyl (green), propargyl (red), phenyl and benzyl (blue).
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Figure 5-50. Example of possible competition between benzyl radical additions and HACA route for the formation of a m/z 290
isomer (Ca3H1a).
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It is also important to notice how the majority of the m/z peaks are associated with a second peak at m/z
-1. This is the case for species which can decompose to resonantly stabilized radicals, such as indene (m/z
116) to the indenyl radical (m/z 115) or methylbiphenyls and diphenylmethane (m/z 168) which can lose
an H from the CHs and the CH; moieties, respectively. In general, all the species from the methylation
processes (R4) or from the reactions with the benzyl radical (R9) or with a C5 ring (R5-R6) will form
resonantly stabilized radicals. And this is confirmed in the current analyses, as all the m/z of possible
radical structures correspond to stable molecules which can be formed from the above-mentioned
reaction pathways (R4, R5, R6, R9). In addition, as mentioned above, the HACA route involving the minor
products can play a key role for the molecular growth as shown in Figure 5-50. Only few m/z peaks in
Figure 5-49 are not associated to radical peaks, such as for example m/z 250, 324, or 398. These
compounds can be produced through HACA routes (R1, R2, R3, R7) or phenyl radical addition (R8), which
is similar to what has been observed in the cases analyzed in Figure 5-47. In general, the majority of the
minor products can be associated to isomers from various kinetic pathways. The identification of the
predominant pathways will require development of detailed or lumped kinetic models for such large
species and further kinetic analyses, which will be the focus of future studies.

As shown in Figure 5-49, there exist other species produced in even smaller quantities, which can derive
from minor pathways involving the m/z isomers present in larger amounts Figure 5-47 or the minor
products of Figure 5-49. The mechanisms should be similar to the ones presented in R1 to R9.

5.3.4 Conclusive remarks

The identification of a large number of polycyclic aromatic hydrocarbon compounds produced from
toluene pyrolytic decomposition using the HRRST/i2PEPICO configuration was presented in this chapter.
This information constitutes a substantial progress for the understating of the first gas-phase steps of soot
formation chemistry, complementing the data obtained with conventional laboratory-based techniques
in terms of isomer identification and detection of large molecules. These new results also illustrate the
capabilities of such innovative experimental technique that cannot be achieved with regular analytical
studies in the laboratory. These exhaustive studies should be extended to other important soot
intermediate molecules and fuel components. Thus, in the following chapters, the ICARE-HRRST/i?2PEPICO
technique is used to analyze the pyrolytic decomposition from ethylbenzene (CgHio) and styrene (CgHs),
and the results compared with respect to the toluene data.
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5.4 Pyrolysis of ethylbenzene using HRRST/i2PEPICO

The study performed on toluene pyrolysis using the HRRST/DELICIOUS 1lI-iPEPICO combination was
extended to ethylbenzene (ETB, Ce¢HsCHs, m/z = 106), the smallest among the alkylated aromatic
hydrocarbons and an important fuel component. Initially, a comparative study between ethylbenzene and
toluene results will be presented in terms of MS peak areas so that a qualitative analysis can be performed
on the influence of the side chain length on the pyrolytic product distribution. This analysis is essential for
understanding the different reaction pathways involved in the thermal decomposition of the different
fuels, and for the future model developments for surrogate fuel chemistry.

Two different experimental conditions were considered in the study on ethylbenzene pyrolysis. A set of
27 042 experiments were averaged using the pulsed acquisition mode in order to perform chemical kinetic
analysis. The pyrolytic decomposition of 0.1 % ETB diluted in argon bath was evaluated at Ts= 1327119 K,
Ps= 6.7£0.2 bar, and photon energy of 10 eV. The conditions are relatively close to the ones used in
toluene pyrolysis in order to perform valid comparisons. The repetition rate used was 1 Hz, the spectral
data was recorded during 8 ms comprising the pre-shock and post-shock regions, the skimmer 1 and
skimmer 2 have orifices diameters of 1 and 2 mm, respectively. The employed nozzle has a 400 um orifice
and the distance between the nozzle and the skimmer 1 tips was kept at 9.5 mm.

The same experimental set-up was implemented for the second part of the ETB study. Around 29 019
experiments were averaged using the so-called continuous acquisition mode at photon energy of 8.5 eV.
A concentration of 0.1 % ETB diluted in argon was once again considered and thermal pyrolytic
decomposition was studied at similar conditions of 1339414 K, 6.8+0.2 bar. The information obtained
from ETB pyrolytic decomposition was used to obtain a large number of experimental PESs for
identification of PAH isomers over a wide range of m/z’s as in the toluene pyrolysis study. The
experimental PESs are then compared to the convolved isomer photoelectron spectra and compared to
the respective experimental mass-selected PESs from toluene pyrolysis at similar conditions. The
comparison will further highlight the effects of the side chain on product distribution based on the relative
isomer abundancy and contributions to each PES signal.

5.4.1 Mass spectrum and identification of small aromatic products

The comparison between mass spectra obtained at 10 eV from the experiments on the thermal
decomposition of toluene and ethylbenzene can be done only after normalization of the raw data by the
number of experiments of each specific experimental set. In fact, the signal is proportional to the number
of experiments and the number of experiments is not the same for the toluene and ETB studies.
Additionally, since all the kinetic analyses presented in this work are focused on reaction times of around
1.2 ms after the shock wave arrival at the endwall, the mass spectra obtained at 10 eV presented here
were extracted from the first 1.2 ms of the reflected post-shock region. This reduces the S/N ratio of the
experimental profiles, but it provides more accurate information for the comparison between the ETB and
the toluene results. The comparison between mass spectra obtained for ETB and toluene pyrolysis at
similar reaction conditions and at 10 eV of photon energy is presented in Figure 5-51.
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Figure 5-51. Mass spectrum obtained in pulsed mode during 1.2 ms of post-shock region. Data is normalized by number of
experiments. 0.1% Ethylbenzene and 0.1 % toluene in argon, photon energy 10 eV.

The figure shows large differences between the two mass spectra. Regarding the major species, ETB, the
fuel molecule (m/z 106), represents the largest peak of the spectrum as it is the case of m/z =92 in toluene
pyrolysis. On the other hand, the products peak heights relative to fuel peak are much larger for ETB than
for toluene, and this is once again due to the faster thermal decomposition of ETB. In particular, the large
peak at m/z 92 is nearly of the same height of the fuel peak, suggesting the pathway from ETB to toluene
as the main decomposition reaction. Also, large amounts of styrene (m/z 104), phenylacetylene (m/z 102),
and benzene (m/z 78) are produced compared to toluene. Overall, for m/z higher than 108, ETB seems to
produce larger amounts of PAH species. This might be due to the specific propensity of the fuel molecule
to produce PAHs, the slightly higher carbon concentration for the same initial fuel mole fraction, and the
different fuel stability. Indeed, despite the fact that the average temperature of the ETB dataset is around
36 Klower than the toluene case, ETB rapidly decomposes as presented in the external calibration method
section (Figure 5-15). In addition, ETB consumes completely, while part of the toluene remains unreacted.

Regarding the products present in smaller concentrations, a more detailed comparison can be realized by
considering the increase or decrease of the respective peak areas in the ETB spectrum with respect to the
toluene one. The relative ratio Acw-Awl/Awl for the different m/z’s in Figure 5-51 is presented in Figure
5-52, where a variation in the ratio is in first approximation proportional to the increase/decrease of the
specific product concentration. Positive values imply that the specific m/z is produced in larger amounts
from ETB pyrolysis, negative from toluene pyrolysis. This information is very useful for qualitative
analyses. For instance, according to the present analysis, the increase on the peak area of m/z 116 and
m/z 128 are 0.97 (thus almost a factor 2 between the area in the ETB case compared to toluene) and 0.3,
respectively. These masses have been previously attributed to indene (m/z 116) and naphthalene (m/z
128) and were also measured in the previous work on ETB pyrolysis using conventional shock tube
techniques [68]. According to the quantitative analysis discussed is section 5.2, their maximum mole
fractions increase from toluene to ETB by a factor of 1.0 (from around 1x10™ mol/mol to 2 x10°) and 0.2
(from 2.5x10° to 3x10), respectively. This example shows that the analysis presented here, despite
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deriving from the integrated mass spectra, is consistent with the relation between calibrated mole
fraction profiles for the different fuels. Of course, the integrated values will also be influenced by the
species time histories (different time of appearance of the products in the two cases), from which the
slight difference in the current results and the ones presented in section 5.2. It is important to underline
the fact that, if the species distribution for a specific m/z is similar in both datasets, then the corresponding
photoionization cross section will be similar, causing a small error in the comparative analyses.
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Figure 5-52. Peak area increase (Aetr-Ato/Atol) in ETB mass spectrum (10 eV-pulsed mode) compared to toluene mass spectrum (10
eV-pulsed mode) for m/z ranging from 52 to 252.

The analysis can be extended to other product peaks present in the mass spectrum, including the PAH
compounds for which the detailed analysis of the photoelectron spectra will be performed in the next
section based on the data obtained with continuous acquisition mode at 8.5 eV. Despite the number of
experiments is substantially lower for ETB pyrolysis compared to the toluene study (27 000 vs 107 000),
which results in lower S/N ratio, the resolution of the presented data is enough to obtain meaningful
results for most products, especially for major species, as presented in Figure 5-52. As commented above,
the thermal decomposition of ETB leads to large mole fractions of styrene and phenylacetylene compared

153



to toluene pyrolysis (peak area increase of 18.37 and 1.95, respectively), as for the latter case these
species will be only formed from the recombination of the benzyl radical with methyl followed by
fragmentation of the resulting ETB product. Benzyl radicals (m/z 91) are also formed directly from the
thermal decomposition of ETB, thus present in large amounts, together with fulvenallene (m/z 90) from
subsequent decomposition. Benzene is also produced in larger amounts in ETB pyrolysis as hydrogen
atoms are produced in larger concentrations for ipso-addition to the fuel. It is also interesting to notice
how the related m/z 76 (possibly o-benzyne) and m/z 74 (triacetylene) are lower for ETB compared to
toluene, and this can be mainly attributed to the difference in temperature condition (higher T favors ring
fragmentation). Concerning PAH compounds, m/z 116 and 128 have been already discussed. Other
common products deriving directly or indirectly from the reactions between two aromatic rings are also
favored in the case of ETB, mainly by the higher reactivity of the fuel compared to toluene. These include
m/z 166 (1.53), m/z 168 (6.86), m/z 178 (2.44), m/z 182 (2.44). On the contrary, other species which are
mainly from HACA steps show negative peak area ratios, such as m/z 126 (-0.59), m/z 152 (-0.12), and m/z
176 (-0.28). This different behavior is influenced mainly by the different temperature condition, as
acetylene formation will be favored at higher temperatures. Similar considerations for larger m/z, i.e. 202
and 226. The only exception is m/z 252, which is produced in larger amounts during ETB decomposition.
This specific case will require further detailed analyses based on kinetic simulations which at the moment
are not available.

In addition, the ETB data at 10 eV were used to derive photoelectron spectra and identify most of the
major single-ring aromatic species and smaller intermediates as shown in Figure 5-53. Also in this case,
the reduced number of experiments compared to toluene does not strongly influence the quality of the
data. Indeed, the resolution of the PES for the major species is enough to identify the products of small
mass with strong spectral characteristics including vinylacetylene (m/z 52), 1,3,5-hexatriyne (triacetylene,
m/z 74), fulvenallene (m/z 90, obtained at 8.5 eV), toluene (m/z 92), phenylacetylene (m/z 102), and the
fuel molecule ethylbenzene (m/z 106). In this case, different from toluene pyrolysis, no presence of o-m-
p-xylene isomers can be identified as shown in the comparison of literature and experimental PES for m/z
106. This is reasonable as the toluene concentrations are much lower and thus its reaction with CHs;
inhibited. On the other hand, the signal from ETB is very large, so it could cover the signal from the xylenes.
Similar to toluene, in ETB pyrolysis a small amount of xylylene isomers could be noticed as shown in the
comparison of 10 eV and 8.5 eV data for m/z 104, where the major species identified is styrene. Finally,
although m/z 78 is mainly attributed to benzene, a small amount less than 5 % of the signal contribution
could be assigned to fulvene as shown in the PES figure for m/z 78.

The information presented in this section complements the data previously obtained using a well-
stablished technique based on conventional single pulse shock tube coupled to GC-GC/MS system [68]. In
that work, experiments on ETB decomposition were conducted at a nominal pressure of 20 bar over a
temperature range of 950—1700 K. The experimental and modeling results revealed that ETB decomposes
mainly to benzyl radical (m/z 91) and subsequently part of it leads to the formation of toluene (m/z 92)
by H addition, diphenylmethane (m/z 168) by reaction with single-ring aromatic, and bibenzyl (m/z 182)
by self-recombination, three peaks that were also detected in the present study. ETB can also produce
benzene (m/z 78) via ipso-addition reaction (CsHsCyHs + H -> C¢He+C,Hs) while styrene is mainly produced
from dehydrogenization of the fuel and the fuel radical (CsHsC,Hs). Styrene can then decompose to form
phenylacetylene. If the complete range of temperatures studied is taken into consideration, the order of
the major single-ring aromatic products in the HPST study based on the related mole fractions was found
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to be toluene (44.5 ppm max) > benzene (21 ppm max) > styrene (13.5 ppm max) > phenylacetylene (3.5
ppm max). These mole fractions represent the value at the end of the 4 ms reaction times, thus their
ratios can be considered proportional in first approximation to the ratios of the mole fractions integrated
over the 4 ms time, and consequently to the importance of the related kinetic pathways. This
approximation would be correct if all the products appeared at the same time. More importantly, the
maximum mole fractions are reached at different temperatures, thus a direct comparison between these
values and the ones derived from the integrated peak areas in Figure 5-52 is not possible. Indeed, it is
important to obtain the mole fractions at the same temperature of the present HRRST/i?PEPICO ETB
pyrolysis study. Specifically, in order to be able to compare the present mass spectrum information to the
HPST results, for a temperature of around 1327 K the literature study provided the following order based
on the species concentration profiles vs temperature: toluene (19 ppm) > styrene (12.5 ppm) > benzene
(3.7 ppm) > phenylacetylene (0.25 ppm ). In a more simplified way, the relative proportion is 3.8 : 2.5 :
0.74 : 0.05. These proportions are very similar to the ones extracted in the HRRST/i2PEPICO study with Ts
= 1327 K, Ps= 6.7 bar. In the latter case, the results are toluene : styrene : benzene : phenylacetylene as
3.8:2.2:1.3:1.0, respectively, after considering the cross sectional areas of the main isomers. Thus, in
addition to the kinetic profiles which can be derived applying the calibration procedure as in Chapter 5.2,
the integrated peaks can provide indicative information on the relative importance of the different
reaction pathways in complex kinetic schemes. In this perspective, the synchrotron information
complements quite well the results obtained in conventional systems.
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Figure 5-53. Photoelectron spectra of product molecules with m/z ranging from 52 to 106. Photon energy of 10 eV except for m/z
90 that was acquired at 8.5 eV.

5.4.2 Mass selected identification of polycyclic aromatic hydrocarbons

The mass spectrum obtained for ETB pyrolysis at 8.5 eV and continuous mode was also compared to the
mass spectrum of toluene obtained at similar conditions. In this case, the mass spectra are collected over
the entire shock tube cycle, thus they will be affected by multiple passages of the shock wave before the
opening of the valves for exhausting the gases. In addition, certain PAH species will not ionize at 8.5 eV,
and the cross sections might significantly vary between 10 eV and 8.5 eV. Thus, certain differences with
the data at 10 eV are expected. The mass spectra were normalized by the number of experiments of the
respective dataset and are presented in Figure 5-54. It can be noticed how the peaks for the fuel molecules
are absent; this is essential for the reduction of the background noise caused by the false coincidences
and the ability to measure intermediate species present in small concentrations, as the PAHs.

Among the main single-ring aromatics and small fuel decomposition products, toluene (m/z 92, Pl = 8.83
eV), vinylacetylene (m/z 102, Pl = 8.78 eV), benzene (m/z 78, Pl = 9.24 eV), and ETB (m/z 106, Pl = 8.77
eV) have ionization energies which are higher than 8.5. Only styrene (m/z 104, PI= 8.46 eV) and
fulvenallene (m/z 90, Pl =8.22 eV) are ionized, and major peaks at the corresponding m/z can be observed
in Figure 5-54. The distribution of the PAH products is very similar to the one observed for toluene,
although it is clear at first sight that the ETB pyrolysis leads to larger product concentrations between m/z
160 to 200, as also observed in the data obtained at 10 eV. The data obtained with continuous acquisition
mode also allow to clearly identify the presence of larger PAHs, up to a m/z 330 for the ETB dataset.
Indeed, this mode leads to a substantial improvement of the S/N compared to the pulsed mode integrated
over 1.2 ms. For example, m/z 202 obtained by the two acquisition modes are presented in Figure 5-55.
For the larger PAHs, certain compounds are produced in larger concentrations from ETB thermal
decomposition, others in the toluene case. As mentioned above, this should be linked to the different
pathways, aromatic recombination favored for ETB due to the higher reactivity of the fuel vs HACA route
favored at the slightly higher temperatures of the toluene dataset. Chemical kinetic analyses including
detailed mechanisms for the formation of such large products would be necessary to clarify this
hypothesis, with simulations considering the entire pressure time-histories inside the HRRST. At the
moment, this is beyond the scope of the present work.
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Figure 5-54. Mass spectrum obtained in continuous mode, averaging around 29 019 experiments for ETB and 41 000 for toluene.
Data is normalized by number of experiments. 0.1% Ethylbenzene and 0.1 % toluene in argon, photon energy 8.5 eV.
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Figure 5-55. Comparison between mass spectrum data obtained at 10 eV with pulsed mode during 1.2 ms of acquisition time and
mass spectrum data acquired at 8.5 eV with continuous mode for small concentration species m/z 202.

The dataset at 8.5 eV and continuous mode does not only improve the MS S/N, but also the quality of the
derived photoelectron spectra, for identification of PAHs up to a m/z of around 230. In Figure 5-54 the
major PAH species are at m/z 166 and m/z 178. For m/z 166 the peak area in toluene pyrolysis is increased
by around 80% in ETB pyrolysis. In order to derive the isomer distribution from ETB pyrolysis and compare
it with the toluene case, the experimental (black line) and simulated (dashed line) spectra for m/z 166 are
compared to the toluene experimental PES (red line). The same notation is used for all the masses that

are analyzed in the present chapter.
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Figure 5-56. Photoelectron spectra for m/z 166 and m/z 178 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

First, even if m/z 166 MS signal increased from toluene to ETB pyrolysis, the overall shape of the
photoelectron spectra did not significantly change between the two cases. One important difference can
be evidenced at the beginning of the spectra at around 7.6 eV binding energy. Compared to toluene, ETB
pyrolysis reduces the production of 3H-Benz[e]indene (CisHio, Pl = 7.60£0.05 eV) and it suggests the
formation of one additional isomer of m/z 166 whose PES was simulated: 1h-Benz[e]indene (Ci3H1o, Pl =
7.69+0.05 eV). The contribution of the latter is in any case quite small (around 2%), thus it could be
affected by errors. For the remaining PES profile at higher binding energies, the changes compared to
toluene pyrolysis are not perceptible, so presenting the relative contributions to the overall signal

becomes more useful for the analysis (Table 5-10).

Table 5-10. Relative contributions to the m/z 166 overall signal for ethylbenzene and toluene.

toluene ETB

fluorene 39% 45%
3H-benz[e]indene 11% 8%
1-(1-naphthyl)-1-propyne 14% 6%
2-propynyl naphthalene 14% 17%
1H-phenalene 7% 6%
2-prop-2-ynyl-naphthalene 8% 3%
1-prop-2-ynyl-naphthalene 7% 14%
1H-benz[f]indene 2% 0%
1H-benz[elindene 0% 2%
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During ETB decomposition, fluorene is still the most abundant species. According to the method proposed
here and taking into consideration an overall 83 % (Aew/Awi=1.83) increase of the m/z 166 production and
the internal change on the relative signal contribution for fluorene from 39% in toluene PES to 45% in ETB
PES, this gives a total increase of around a factor 2.1 (1.83x[0.45/0.39]) in the amount of fluorene in ETB
pyrolysis compared to toluene pyrolysis. As a general rule, the combined effects need to be considered.
There is still the need of accounting for the PICS of the species present at m/z 166 in order to bring this
signal values to concentration units but the information provided in this analysis is of special relevance
for chemical kinetic model developments. The remaining isomer contributions vary but within the
uncertainties of the method. For example, C10H7CCCHs isomers (1-(1-naphthyl)-1-propyne and 2-propynyl
naphthalene) provide an overall contribution of 23% (vs 28% toluene), CioH;CH,CCH (1-prop-2-ynyl-
naphthalene and 2-prop-2-ynyl-naphthalene) 17% (vs 15% in toluene).

For m/z 178, whose respective PESs are presented in Figure 5-56b, the peak area increases 1.59 times
from toluene to ETB pyrolysis according to Figure 5-54. When analyzing the PES for this m/z, there is an
evident increase in the contribution of anthracene since the peaks mostly attributed to anthracene
located at the beginning of the photoelectron spectra are higher in the ETB PES compared to the toluene
PES. The convolution process determines the correspondence anthracene : phenanthrene to be 9.2 : 10
in ETB pyrolysis versus 5.2 : 10 in toluene pyrolysis, which represents a large overall increase of 4 times
(2.59x[31.5/20]) in the amount of anthracene in ETB pyrolysis compared to toluene pyrolysis.
Phenanthrene does not seem to change much as anthracene since the overall signal change is determined
to be 2.3 times (2.59x[34.1/38.2]) in ETB compared to the toluene case. The proportion anthracene :
phenanthrene might be strongly affected by the difference in temperature condition between the two
datasets. Considering an activation energy of around 65 kcal/mol for the isomerization from anthracene
to phenanthrene as in [37], a 15 K drop in temperature leads to a decrease in the reaction rate by a factor
1.4-1.7 at the current conditions. The toluene continuous set was obtained at average T of 1351 K, the
ETB set at 1339 K. The species with smaller contribution in ETB pyrolysis appears to be diphenylacetylene
with a total signal increase of 1.84 times (2.59x[15.7/22]) compared to toluene pyrolysis, but a smaller
total percentage contribution. For m/z 178, the individual signal contributions to the ETB PES are listed in
Table 5-11:

Table 5-11. Relative contributions to the m/z 178 overall signal for ethylbenzene and toluene.

toluene ETB

Anthracene 20.0% 31.5%
3-Methylidenecyclopenta[b]naphthalene 1.8% 1.5%
Phenanthrene 382% 34.1%
Diphenylacetylene 22.0% 15.7%
9H-Fluorene, 9-methylene 7.3% 6.4%
1-Methylidenecyclopenta[a]lnaphthalene 1.8% 1.5%
3-Methylidenecyclopenta[a]naphthalene 8.8% 9.3%

Two other major PAH peaks that have been analyzed are m/z 152 and m/z 140. The experimental PES for
both masses in ETB and toluene pyrolysis are presented in Figure 5-57 along with the sum of convolved
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isomer spectra for ETB pyrolysis. An overall good fitting between the experimental PES for ETB and the
convolved curve was obtained for m/z 152. The convolution procedure provides the following relative
contributions to the signal for m/z 152, acenaphthylene : 2-ethynylnaphthalene : biphenylene :
cyclopentalalindene: 1-ethynylnaphthalene 61.4:26.3:4.4:4.4:3.5, compared to the ones in toluene
pyrolysis previously determined as 61 :25:4 : 4 : 6, respectively. Thus, no significant changes in the isomer
distribution is observed. The only difference between the two fuel molecules is that the MS peak area is
larger by around 20% for toluene pyrolysis as also presented for the results in Figure 5-52, where a 12%
increase was found for the data in pulsed acquisition mode and 10 eV photon energy.
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Figure 5-57. Photoelectron spectra for m/z 152 and m/z 140 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

For m/z 140, the peak areas in Figure 5-54 are very similar for toluene and ETB pyrolysis. On the other
hand, the internal distribution of the isomeric species changes. Observing the general fit of the sum of
convolved isomer spectra, the simulated spectra perfectly match the experimental ETB data. By using this
fit, the resulting relative PES signal contributions considering a large number of isomers are presented in
Table 5-12.

Table 5-12. Relative contributions to the m/z 140 overall signal for ethylbenzene and toluene.

toluene ETB

1H-cyclopropa[alnaphthalene 34.4%  42.5%
1H-cyclopropa[b]naphthalene 23.0% 17.7 %
1-ethynyl-1H-indene 10.3% 13.3%
2-ethynyl-1H-indene 17.2% 13.0%
4-ethynyl-1H-indene 1.1% 4.4%
5-ethynyl-1H-indene 1.1% 0.9%
6-ethynyl-1H-indene 1.1% 0.9%
7-ethynyl-1H-indene 1.1% 0.9%
phenyl allenyl acetylene 5.3% 5.3%
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In both cases, 1H-cyclopropala]naphthalene, 1H-cyclopropa[b]naphthalene, 1-ethynyl-1H-indene and 2-
ethynyl-1H-indene are the species that contribute more to the PES signal but some changes in the relative
percentage contributions between ETB and toluene pyrolysis need to be highlighted. Mainly, the
contribution of 1H-cyclopropa[alnaphthalenes isomer was slightly increased for ETB (from 34% to 43%),
while the one of 1H-cyclopropa[b]naphthalene decresed from 23% to 18%. The other isomers include the
ethynyl-indenes which globally contribute to 32% of the total signal (vs 33% for toluene pyrolysis), and
phenyl allenyl acetylene whose contribution remains unchanged.

Further advancing in the selective identification of isomers produced during the pyrolytic decomposition
of ETB at 1339 K and 6.8 bar, other masses can be identified in the mass spectrum presented in Figure
5-54. Two other peaks are found to be major contributors to the mass spectrum and these are m/z 128
and m/z 180. The experimental PESs for ETB and toluene are compared in the Figure 5-58 together with
the sum of convolved isomer spectra for the respective m/z.
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Figure 5-58. Photoelectron spectra for m/z 128 and m/z 180 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

The agreement between the experimental and convolved PES is quite good for for m/z 128 in ETB pyrolysis
and some differences in the distribution of isomers can be observed with respect to the case of toluene
decomposition. Mostly, naphthalene and 1H-indene-1-methylene were found to be the main products in
ETB pyrolysis accounting for the 92.8% of the contribution to the overall signal of m/z 128 compared to
80% in toluene pyrolysis. The list of all the species considered for the PES analysis in m/z 128 are
naphthalene : 4-ethynylstyrene : 3-buten-1-ynylbenzene : 4-phenyl-1-butene-3-yne : m-ethynylstyrene :
1H-indene-1-methylene. The relative contributions for these species were determined to be 81.1: 1.7 :
1.7:1.7:2.2:11.7, respectively, comparedto 70 : 5:5:5: 5: 10 in toluene pyrolysis. The reduction in
the height of the second peak in the experimental profile (at around 8.35 eV) leads to a decrease in the
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contributions from the minor isomers 3-buten-1-ynylbenzene (CsHsCCCHCH.), 4-phenyl-1-butene-3-yne
(CeHsCHCHCCH), and the ethynylstyrenes.

For m/z 180, fitting a convolved curve is quite challenging due to the lack of sharpness in the literature
PES of the most abundant species used for this mass, i.e. the stilbene isomers. However, the PES peaks
associated to each species were assigned in toluene study and as can be seen in the experimental PES of
m/z 180 for ETB, the corresponding peak linked to (E)-stilbene located at 7.8 eV is slightly increased. This
should result in an increment of the relative PES signal contribution from this species.

Other isomers of m/z 180 also presented changes in the relative signal contribution while observing the
comparison between both experimental PES, for ETB and toluene. The list of species associated to m/z
180 are presented in Table 5-13.

Table 5-13. Relative contributions to the m/z 180 overall signal for ethylbenzene and toluene.

toluene ETB

9-Methylfluorene 11.2%  6.2%
(E)-Stilbene 35.6%  40.4%
(2)-Stilbene 36.4% 37.3%
1-Methyl-1H-phenalene 5.6% 3.1%
3-Methyl-3H-cyclopentala]naphthalene 6.7% 7.3%
1,1-Diphenylethylene 4.5% 5.6%

According to Figure 5-54 for ETB the increase in m/z 180 peak area is 2.78 with respect to toluene
pyrolysis. This value can be used to calculate the signal change for a single isomer between the two
different fuels. For instance, the most abundant species in m/z 180, (E)-stilbene, was globally increased
by 3.3 times while (Z)-stilbene and 9-methylfluorene increased by 2.9 and 1.1 times, respectively. Thus,
the pathways to the stilbenes are enhanced in the case of ETB. This is mainly due to the higher reactivity
of ETB compared to toluene and the formation of large concentrations of benzyl radicals and consequently
of bibenzyl, the precursor of stilbene. Analogously, concerning the less abundant isomers in ETB pyrolysis
for m/z 180, 1-methyl-1H-phenalene was increased by 1.1 times and 1,1-diphenylethylene increased by
3.7 times as for the stilbenes.

The last among the larger PAH peaks is m/z 116 in Figure 5-54. The corresponding photoelectron spectra
are presented in Figure 5-59. The comparison between the experimental PES and the shape of the
literature PES for indene indicates that only indene is produced from ETB pyrolysis. This differs from
toluene pyrolysis where also a small contribution (around 10%) coming from phenylpropadiene
(CeHsCHCCH,) is to m/z 116. Considering that m/z 116 peak area in the mass spectrum of 8.5 eV for ETB
pyrolysis increased 2.29 times related to the peak area in toluene pyrolysis (Aetw/Atol), the global amount
of signal increase for the major species, indene, is determined to be 2.6 times the one present in toluene

pyrolysis.
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Figure 5-59. Photoelectron spectra for m/z 116 and m/z 130 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

For m/z 130, only two probable isomers where considered in the identification as was established in
toluene pyrolysis. These are 1,2-dihydronaphthalene and 1-methylindene. Although Figure 5-59 shows a
good agreement between the convolved and the experimental PESs for ETB m/z 130, the peak located at
a binding energy of 8.33 eV is still not well captured. This means that possibly, one or more isomer is
missing, fact that is confirmed later in the analysis of styrene pyrolysis where for m/z 130, the peak located
at 8.33 eV significatively grows and a lack of experimental or simulated PES limits the full isomer
identification. The PES signal contributions of 87.9 : 12.1 were obtained for 1,2-dihydronaphthalene : 1-
methylindene for the case of ETB compared to the contributions previously determined for toluene
pyrolysis of 56.5 : 43.5 for the same species.

The m/z 130 presented a considerable peak area increase of 2.36 in ETB pyrolysis compared to toluene.
Thus, the overall increase in the signal from the major species, 1,2-dihydronaphthalene, was determined
to be 5.23 times the amount present in toluene pyrolysis. The presence of long chain and additional H-
atoms in the system favors the hydrogeneration processes. On the other hand, the production of 1-
methylindene is very similar to the toluene case.

The PES analysis for m/z 142 and m/z 154 are presented in Figure 5-60. In m/z 142 the PESs of 1-
methylnaphthalene and 2-methylnaphthalene were considered in the construction of a convolved isomer
spectrum. Fitting the simulated PES to the experimental one is challenging since reference PESs seem to
be slightly shifted compared to the peaks of the experimental curve, unless other isomers are missing in
the analysis. The relative signal contributions were kept similar as for toluene, 46 : 54. However, the peak
areas in Figure 5-54 shows how in the case of ETB pyrolysis the formation of the methylnaphthalene
isomers is enhanced by a factor 1.76.
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Figure 5-60. Photoelectron spectra for m/z 142 and m/z 154 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

For m/z 154 in Figure 5-60, a slight increase on the first peak of the ETB experimental PES is evidenced.
The isomer distribution for ETB pyrolysis is 54.4 : 21.8 : 10.2 : 6.8 : 6.8 for biphenyl : 1-vinylnaphthalene :
2-vinylnaphthalene : acenaphthene : benzobarrelene, compared to the one found for toluene of 61.5 :
19.2:15.4:1.9:1.9. The results show how the contributions from acenaphthene and benzobarrelene are
slightly higher (from 2% to 7%) while the one from biphenyl decreases from 62% to 54%. Overall, the
distribution is similar between ETB and toluene.

Other relatively small peaks of similar size in the mass spectrum obtained from ETB pyrolysis (Figure 5-54)
are m/z 156 and m/z 168. This time, the signal increase from toluene to ETB pyrolysis was found to be a
factor of 2.86 and 1.45, respectively. The PES comparisons are presented in Figure 5-61. In the case of m/z
156, the sum of convolved isomer spectra does not seem to represent the full experimental PES, similar
to the toluene case. More PES calculations will be required to solve this m/z.

In the case of m/z 168, the experimental PES signal for ETB pyrolysis seems to be reduced in the region
around 8.23 eV compared to the toluene case. For 2-Methylbiphenyl : 3-Methylbiphenyl : 4-
Methylbiphenyl the determined signal contributions for ETB pyrolysis are 5.6 : 55.6 : 38.9 compared to
16.7 : 41.7 : 41.7 in toluene pyrolysis.
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Figure 5-61. Photoelectron spectra for m/z 156 and m/z 168 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

For m/z 176 the peak areas were found to be reduced when ETB is pyrolyzed compared to toluene
(variation by a factor 1.23). The PESs are presented in in Figure 5-62. The peak around 8.06 eV is very
reduced compared to toluene which reveals some changes on the isomer distribution, although overall
the main species are similar. For example, the main isomer in both cases is 1,4-diethynylnaphthalene
(18.9% for toluene, 19.8% for ETB), while the sum of all the diethynylnaphthalenes is around 53% for ETB
and 62% for toluene. On the contrary, the total contribution from the ethynylacenaphthylene is lower for
toluene pyrolysis (23%) compared to the ETB case (34%). The ratio between the contributions
ethynylacenaphthylenes : diethynylnaphthalenes in ETB pyrolysis is 1 : 1.53 compared to the ratio for
toluene pyrolysis equal to 1 : 2.68. Other minor species are present in both cases.

Table 5-14. Relative contributions to the m/z 176 overall signal for ethylbenzene and toluene.

toluene ETB

1-Ethynylacenaphthylene 4.6% 9.9%
3-Ethynylacenaphthylene 8.4% 7.3%
4-Ethynylacenaphthylene 5.4% 10.6%
5-Ethynylacenaphthylene 4.6% 6.6%
1,2-Diethynylnaphthalene 5.4% 9.5%
1,3-Diethynylnaphthalene 7.2% 1.1%
1,4-Diethynylnaphthalene 18.9% 19.8%
1,5-Diethynylnaphthalene 2.7% 6.6%
1,6-Diethynylnaphthalene 7.2% 1.1%
1,7-Diethynylnaphthalene 1.1% 2.1%
1,8-Diethynylnaphthalene 4.1% 6.0%
2,3-Diethynylnaphthalene 7.4% 4.0%
2,6-Diethynylnaphthalene 7.2% 1.1%
2,7-Diethynylnaphthalene 0.9% 1.3%
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1-(1,3-Butadiynyl)naphthalene 5.4% 3.2%
2-Buta-1,3-diynylnaphthalene 5.4% 3,2%
Pyracyclene 2.0% 3.3%
Cyclopenta[bclacenaphthylene 2.0% 3.3%
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Figure 5-62. Photoelectron spectra for m/z 176 and m/z 202 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

For m/z 202, a neglectable peak area change of -0.01 was determined based on Figure 5-54. Overall, the
isomer distributions are also very similar when comparing the ETB experimental m/z 202 PES to the one
of toluene (Figure 5-62b). For this analysis, 17 isomeric species were considered like in toluene and the
relative signal contributions for both fuels are compared in Table 5-15.

Specifically, differences in the shape of the region normally associated to pyrene (starting from 7.22 eV)
can be evidenced in the Figure 5-62. However, based on the uncertainties of the measurements and the
large number of isomers analyzed here, this behavior is unlikely to be due to the presence of an unknown
isomer. The changes captured by the convolution procedure showed a resulting sum of convolved isomer
spectrum that well fitted the experimental PES for m/z 202. A remarkable change noticed when comparing
the ETB PES to the toluene one is the more pronounced peak at around 7.85 eV. This change is considered
by the convolution process as an increased relative contribution from fluoranthene. In ETB pyrolysis,
pyrene shows a slight decrease in the signal contribution, 4,5-vinylidenephenanthrene remains almost
constant while 2-ethynylphenanthrene iss slightly increased to fit the region at 8.05 eV.
Ethynylphenanthrenes account for the 21 % of the signal contribution in ETB pyrolysis.
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Table 5-15. Relative contributions to the m/z 202 overall signal for ethylbenzene and toluene.

toluene ETB

Fluoranthene 38.0% 38.3%
Diphenyldiacetylene 1.3% 1.2%
Pyrene 20.3% 18.5%
Phenanthrylacetylen 0.6% 0.6%
2-Ethynylphenanthrene 8.9% 11.1%
3-Ethynylphenanthrene 3.8% 3.7%
4-Ethynylphenanthrene 3.2% 3.1%
9-Ethynylphenanthrene 3.2% 3.1%

Benzene, 1-ethynyl-2-(phenylethynyl) 1.3% 1.2%
Benzene, 1-ethynyl-3-(phenylethynyl) 1.3% 1.2%
Benzene, 1-ethynyl-4-(phenylethynyl) 1.3% 1.2%

1-Ethynylanthracene 0.1% 0.1%
2-Ethynylanthracene 0.1% 0.1%
9-Ethynylanthracene 0.1% 0.1%
Acephenanthrylene 3.8% 3.7%
4,5-Vinylidenephenanthrene 12.7% 12.4%
Aceanthrylene 0.1% 0.1%

Two of the largest masses for which the PESs have sufficient S/N for isomer identification are m/z 226 and
m/z 228. Based on the mass spectrum in Figure 5-54, the peak area for m/z 226 reduces by a factor of
1.24 compared to the toluene case, while similar areas were obtained for m/z 228.

For m/z 226, the experimental PESs for benzo(ghi)fluoranthene and 1-ethynylpyrene were considered in
the binning and convolution process. The sum of convolved isomer spectra for m/z 226 is compared to
the experimental PES for ETB pyrolysis in Figure 5-63. The relative signal contributions for
benzo(ghi)fluoranthene : 1-ethynylpyreneis 76.9 : 23.1in ETB pyrolysis compared to 65.3 : 34.7 in toluene.
Still, the fit between the convolved spectrum and the experimental PES for m/z 226 is partial, and more
species should be included in the analysis. The determination of reference photoelectron spectra for this
and other masses are subject of future works.

The PESs of m/z 228 presented in Figure 5-63b show differences between the experimental PES obtained
in ETB pyrolysis and the one for toluene pyrolysis. The sum of convolved isomer spectra obtained with the
aim to replicate the experimental PES for m/z 228 leads to the following relative signal contributions for
ETB pyrolysis: 31.8 : 4.5 : 31.8 : 31.8 for chrysene : 1,2-benz[alanthracene : triphenylene : 1-
(phenylethynyl)naphthalene, respectively, compared to the ones for toluene pyrolysis at similar
conditions: 10.4 : 11.3 : 56.5 : 21.7. A clear increase in the production of chrysene is evidenced for ETB
pyrolytic chemistry compared to toluene. Considering the relative percentages and the MS area ratios,
the chrysene production increases 1.9 times compared to the toluene case. On the other hand, 1,2-
benz[a]anthracene and triphenylene formation decreases by 1.62 times and 1.47 times, respectively,
while 1-(phenylethynyl)naphthalene increases by 1.39 times from toluene pyrolysis to ETB.
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Figure 5-63. Photoelectron spectra for m/z 226 and m/z 228 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

Other two small peaks in the ETB mass spectrum corresponding to large PAH compounds are m/z 230 and
m/z 182 whose signal level starts becoming relatively low, making more difficult the isomer identification
process. The comparisons between experimental PES and convolved isomer photoelectron spectra for
both masses are presented in Figure 5-64. The fitted PESs correctly describe the general characteristics of
the experimental curves.

For the case of m/z 230, the convolution procedure determined individual contributions to the
experimental PES signal from p-terphenyl : o-terphenyl : m-terphenyl to be 24.1 : 15.7 : 60.2, respectively.
The three terphenyl isomers kept their contributions to the overall signal almost the same compared to
the ones for toluene (27.2 : 18.5 : 54.3 ). Sharper photoelectron spectra (e.g ab-initio simulations) would
allow to recreate a better-defined convolved spectrum in order to reduce the uncertainties in the
determination of the signal contributions for m/z 230.
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Figure 5-64. Photoelectron spectra for m/z 230 and m/z 182 obtained at 8.5 eV and continuous data acquisition mode. Each figure
contains experimental PES for ETB and toluene pyrolysis and sum of convolved isomer spectra for ETB pyrolysis.

168



Concerning m/z 182, there are significant differences in the shape of the experimental PES for ETB and
toluene that are evidenced in the relative contributions from the different isomers. The contributions
from 3-3-dimethylbiphenyl : 2,2-dimethylbiphenyl : 1,1-biphenyl,2-ethyl- are 16.7 : 75.0 : 8.3, compared
to the ones for toluene pyrolysis that were determined to be 30 : 60 : 10, for the same group of isomers.
The ETB decomposition also favors the formation of the m/z 182 isomers, with an increase in the peak
area by 2.70 times. It is very important to highlight that bibenzyl was observed as a major PAH species
produced from ETB pyrolytic decomposition in the work realized by Wenyu Sun. et al. [68]. Bibenzyl (PI =
9.1 eV[306]), a species whose photoelectron spectra is known in the literature, was not identified in the
present work since its photoionization energy is higher than the photon energy of 8.5 eV. Future
experiments should be performed using the continuous data acquisition mode at energies greater than 9
eV in order to obtain accurate PESs revealing the presence of this important PAH and the relative
importance compared to the above mentioned minor isomers.

The identification of a large number of polycyclic aromatic hydrocarbon compounds produced from the
pyrolytic decomposition of ethylbenzene using the HRRST/i2PEPICO configuration was presented in this
chapter for the first time. Two different series of experiments have been performed: (i) with pulsed mode
(reflected shock time identified) with more than 27 000 runs and (ii) continuous acquisition mode with
more than 29 000 runs. Well defined mass spectra were obtained from light species up to 5-member rings
in the pulsed acquisition mode at an ionization level of 10 eV averaging data over 1.2 ms of shock reflected
reaction conditions. In the continuous mode, at an ionization level of 8.5 eV, photoelectron spectra were
obtained for numerous PAHs which allowed the isomer identification which could not have been done
without i2PEPICO. The results were presented in comparison with the toluene pyrolysis dataset presented
in Chapter 0. These novel results complement the experimental databases available in the literature from
laboratory-based conventional techniques, for improved understanding of the chemistry of alkylated
hydrocarbons and validation of detailed chemical kinetic models.

This kind of exhaustive studies should be also extended to other important soot intermediate molecules
and fuel components. For instance, as evidenced in the present ETB study, several aromatic products like
styrene and phenylacetylene are produced in large concentrations and the related PAH formation
chemistry is of special interest for improvement of soot models. In the following chapter, the
HRRST/i?PEPICO is used to analyze the pyrolytic decomposition of styrene (CsHs, CsHsCaHs).

169



5.5 Pyrolysis of styrene using HRRST/i?PEPICO

Styrene, CeHsCyHs, m/z 104, referred in the figures of this section as STY, has been identified in the
previous chapter as an abundant byproduct of ethylbenzene (ETB) pyrolysis and a key intermediate for
the formation of large PAH molecules. In fact, as reported in previous studies on ethylbenzene pyrolysis
using single pulse shock tube connected to GC/MS [68], styrene reactions with phenyl radical (C¢Hs) play
an important role in the formation of phenanthrene through the production of dihydro-phenanthrene.
Thus, studying the detailed pyrolytic chemistry of CeHsC;H3 is essential in the development of the gas-
phase models of soot precursors. A recent investigation on the high temperature decomposition of
styrene using a miniature HRRST (ANL-HRRST) coupled to VUV-PIMS has been performed with the aim of
providing kinetic information on the initiation reactions of styrene [83]. However, the detailed speciation
from styrene pyrolysis, including formation of polycyclic aromatic hydrocarbons has never been reported.

In this chapter, the first pyrolytic study on the thermal decomposition of styrene using the HRRST/i?PEPICO
combination is presented, taking advantage of the capabilities of such technique specifically in relation to
the PAH formation chemistry. Styrene has a similar structure than ethylbenzene, although it presents a
double bond in its side alkyl chain. In view of the analogy and to highlight the influence of bond saturation
on the product distribution, the STY data are compared to the ethylbenzene results.

Similarly to toluene and ethylbenzene, two different experimental conditions were considered. A set of
22 021 experiments were averaged using the pulsed data acquisition mode in order to perform chemical
kinetic analyses (mass spectra and species profiles). The pyrolytic decomposition of 0.1 % styrene diluted
in argon bath was evaluated at Ts= 1345134 K, Ps = 6.5+0.3 bar and photon energy of 10 eV. In order to
perform valid comparisons, the reaction conditions were chosen to be very close to the ones used in
toluene and ethylbenzene pyrolysis. The configuration of the shock tube also remained unvaried. The
repetition rate used was 1 Hz for most of the experiments, even if few runs were performed at 1.5 Hz. At
this repetition rate, the HRRST tends to heat up quite fast inside the vacuum chamber, beyond what we
consider as safe for the mechanical functioning of the vent valve. The spectral data was recorded during
8 ms comprising the pre-shock and post-shock regions but averaging during a time period of 1.2 ms was
performed for mass spectrum comparisons between styrene and ETB.

Keeping the configuration unchanged, in the second experimental condition, 41 297 experiments were
averaged using the continuous data acquisition mode at photon energy of 8.5 eV in order to focus on the
identification of PAH molecules through their PESs. A concentration of 0.1 % styrene diluted in argon was
considered and its thermal decomposition was studied at conditions similar to the ones used in pulsed
mode, i.e. 1355126 K, 6.5+0.2 bar. The data were used to identify a large number of PAH species at each
m/z by using the respective mass-selected photoelectron spectra (PESs), and compared to the respective
experimental mass-selected PESs obtained from ETB pyrolysis at similar conditions.
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5.5.1 Mass spectrum and identification of small aromatic products

A comparison between the two mass spectra obtained from ETB and STY pyrolysis with the pulsed data
acquisition mode, at photon energy of 10 eV, during 1.2 ms at reflected shock wave conditions is
presented in Figure 5-65. The black color line represents the mass spectrum for styrene pyrolysis while
the red line for ETB pyrolysis. At similar reaction conditions, the mass spectra are normalized by the
number of experiments. It is clear at a first sight that styrene produces larger amount of products lighter
than m/z 80 compared to ETB as well as phenylacetylene (m/z 102), while toluene (m/z 92), benzyl (m/z
91) and fulvenallene (m/z 90) appear to be reduced in the styrene case. For species equal and larger than
ethylbenzene (m/z 106) the peak differences can be either negative or positive, suggesting an influence
of the growth mechanisms related to the specific fuel structure.

The m/z peak areas from styrene pyrolysis compared to the respective peak areas in ETB pyrolysis were
used to calculate the relative increase or decrease through the equation (Asy-Actb)/Aew. The resulting
values are presented in the Figure 5-66. If there are peaks in one mass spectrum that is not common to
the other, then the peak is not included in the analysis of Figure 5-66. For instance, in the normalized 10
eV mass spectrum of styrene pyrolysis, the peak at m/z 91 is not detectable. On the contrary, m/z 91 exists
in the toluene mass spectrum. Similar for other species, i.e. m/z 90 etc.
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Figure 5-65. Mass spectrum obtained in pulsed mode during 1.2 ms of post-shock region. Data is normalized by number of
experiments. 0.1% styrene and 0.1 % ethylbenzene (ETB) in argon, photon energy 10 eV.
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Figure 5-66. Peak area increase (Asty-Acw/Aew) in styrene mass spectrum (10 eV-pulsed mode) compared to ethylbenzene mass
spectrum (10 eV-pulsed mode) for m/z ranging from 52 to 252.

Regarding the small mass species, the mass spectrum from styrene pyrolysis contains products at m/z 52,
m/z 74, m/z2 76, m/z 77, m/z 78, m/z 79, m/z 92, m/z 100, m/z 102, m/z 103, m/z 104, m/z 105 and m/z
106. Some of these peaks are in common with the previous study on initiation reactions for 0.06% styrene
pyrolysis in argon bath gas realized with ANL-HRRST coupled to VUV-PIMS, T = 1710-2260 K and P = 10.8-
12.9 atm [83]. In that study, m/z 74 was assigned to triacetylene (1,3,5-hexatriyne), m/z 76 to o-benzyne,
m/z 78 to benzene, and m/z 102 to phenylacetylene. The results shown in the present work complement
the ANL-HRRST/VUV-PIMS study with confirmation of the isomer identification through the related PESs
[83]. In particular, the comparison between experimental and literature PESs for several hydrocarbon and
monoaromatic molecules (MAH) in the m/z range 52-106 is presented in Figure 5-67. In order to obtain
more defined PESs, this information was obtained averaging not 1.2 ms as in Figure 5-65 but 8 ms of
acquisition time. It is confirmed that m/z 52 can be attributed to vinylacetylene, m/z 74 is effectively 1,3,5-
hexatriyne and m/z 78 corresponds to benzene, but this time a small contribution coming from fulvene
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can be evidenced when the reference PES for fulvene is compared to the overall PES signal for m/z 78.
Specifically, fulvene contributes to the signal in the initial region of the experimental PES in the range of
8.3 eV - 8.8 eV and in the final part of the spectrum, around the peak located at 9.6 eV. An estimated
maximum signal contribution of 13 % to the overall PES signal for m/z 78 can be attributed to fulvene in
styrene pyrolysis. In terms of peak area change, in styrene pyrolysis, 1,3,5-hexatriyne (m/z 74) and m/z 76
(possibly o-benzyne, to be confirmed) increased by 4.6 and 5.13 times compared to ETB pyrolysis. This
suggests that the ring opening might be different for STY decomposition compared to ETB. The m/z 78
peak (mainly benzene) is similar in the two cases. This is influenced by two main reaction pathways, the
ipso-addition to the fuel for ETB and the thermal decomposition of styrene to benzene + H2CC. The other
main aromatic intermediate, toluene, is negligible from STY pyrolysis, as no direct pathways of alkyl side
chain breaking exists leading to the formation of the benzyl radical (and consequently toluene) as for
ethylbenzene.

Although it has a small signal, fulvenallene (C;Hs) was also clearly identified in the pyrolysis of styrene as
a minor product as shown in the comparison of the reference PES for this species with the experimental
PES of m/z 90 obtained at 8.5 eV with the continuous acquisition mode. This mass appears to be reduced
by half compared to ETB pyrolysis, but in the latter case fulvenallene comes directly from the benzyl
radical decomposition, pathway which should not be present for styrene. Thus, a different formation
mechanism still to be clarified is responsible for fulvenallene formation from styrene. For m/z 102, a peak
area increment by 2.01 is obtained as reported in Figure 5-66. A clear correspondence between the
reference PES for phenylacetylene and the experimental PES for m/z 102 is observed. Nevertheless, in the
PES comparison presented in Figure 5-67, a possible contribution from benzocyclobutadiene to the
experimental PES for m/z 102 obtained at 10 eV is possible. This fact is confirmed when the literature PES
for benzocyclobutadiene is compared with the experimental PES for m/z 102 obtained with continuous
mode at 8.5 eV (same figure). However, due to signal limitations in the experimental PES obtained at 10
eV, the signal contribution ratio between phenylacetylene and benzocyclobutadiene cannot be clearly
defined. Although the contribution from benzocyclobutadiene to the m/z 102 signal is expected to be
minor compared to the one of phenylacetylene, the presence of benzocyclobutadiene is in itself a very
interesting finding as it highlights the presence of possible alternative pathways, although minor, for the
styrene pyrolytic chemistry.

Regarding m/z 104, as expected being the fuel molecule, styrene is the main species in the respective 10
eV photoelectron spectrum. Additionally, different to ETB and toluene pyrolysis, no presence of o-p-
xylylene isomers could be identified in m/z 104 as shown in the inset. Finally, m/z 106 is found to be
produced in very small concentrations during styrene pyrolysis and a low S/N for the experimental m/z
106 PES was obtained. In reality, there is probably production of xylene isomers together with
ethylbenzene, but a higher signal is required to accurately address this hypothesis.

For masses larger than the fuel molecule (m/z 104), m/z 178 and m/z 180 were found to be the biggest
peaks as shown in the mass spectrum obtained at 10 eV. The signals for data obtained in pulsed mode are
too small to extract PESs and perform accurate PAH identification, thus the additional experimental set
focused only on PAH products will be discussed in the next section with the use of spectral information
acquired continuously at 8.5 eV. However, large masses like m/z 116, m/z 128, m/z 152, m/z 166, m/z
178, m/z 180 and m/z 202 are common peaks between styrene and ETB products and the peak area
changes in 10 eV data were found to be -0.57, -0.64, 0.23, -0.84, -0.16, 1.09, 0.13, respectively. In general,
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ethylbenzene pyrolysis leads to the formation of larger PAH concentrations, partly due to the higher
reactivity of the molecule compared to styrene (as already discussed in the comparison between
ethylbenzene and toluene). The higher concentrations of m/z 152 and 202 are probably related to the
slightly higher temperature conditions for styrene (~1345 K) compare to ETB (~1327 K) as related to the
HACA routes being favored at higher temperatures. Similar considerations apply for m/z 126 and 176. The
main m/z which is clearly related to the styrene specific chemistry is 180 (Ci4H12), possibly from the
reaction of the fuel molecule with CsHs. This will be clarified in the following section.
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Figure 5-67. Photoelectron spectra of product molecules with m/z ranging from 52 to 106. Photon energy of 10 eV except for m/z
90 that was obtained at 8.5 eV.
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5.5.2 Mass selected identification of polycyclic aromatic hydrocarbons

The normalized mass spectra obtained with the continuous data acquisition mode at 8.5 eV for styrene
and ethylbenzene pyrolysis are compared in Figure 5-68. A large peak located at m/z 104 corresponding
to the ionization of fuel molecule is of course the biggest peak in the mass spectrum for the case of
styrene. Other monoaromatic aromatic species are detectable, i.e. m/z 102 (as discussed above, mainly
benzocyclobutadiene) and m/z 106 (partial ionization of ETB). On the other hand, the data at 8.5 eV for
these species are only partial, and the data at 10 eV should be used for the analyses. The remaining m/z
signals correspond to PAH species.

As discussed in the previous subsection, m/z 178 and m/z 180 are the largest peaks produced from styrene
pyrolysis. The mass spectrum obtained at 10 eV showed that these two species change by 0.84 and 2.09
times, respectively. Similarly, in the mass spectrum in Figure 5-68 the peaks corresponding to m/z 178
and m/z 180 are also the largest and the increase with respect to ETB was determined to be 0.75 and 1.68,
respectively. These values are within the uncertainties of the method, considering the different
integration times between the two datasets.
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Figure 5-68. Mass spectrum obtained in continuous mode, averaging around 41 297 for styrene and 29 019 experiments for ETB.
Data is normalized by number of experiments. 0.1% styrene and 0.1 % ethylbenzene in argon, photon energy 8.5 eV.

The PES comparison presented in Figure 5-69 for m/z 178 leads to the conclusion that it is possible that
such decrease of peak signal could be associated to the relative decrease in the production of anthracene,
one of the major isomers for m/z 178. Based on the fitting procedure in Figure 5-69 the ratio between
anthracene and phenanthrene is 1:4 in styrene pyrolysis and 1:1.1 in ETB pyrolysis. Considering the global
change in the peak signal, anthracene mole fraction was found to decrease by -0.74 times while
phenanthrene mole fraction is almost the same (-0.037). For all the considered species, the signal
contributions are as presented in Table 5-16.
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Table 5-16. Relative contributions to the m/z 178 overall signal for styrene and ethylbenzene.

STY ETB
Anthracene 11.0% 31.5%
3-Methylidenecyclopenta[b]naphthalene 0.4% 1.5%
Phenanthrene 43.8% 34.1%
Diphenylacetylene 29.6% 15.7%
9H-Fluorene, 9-methylene 10.9% 6.4%
1-Methylidenecyclopenta[a]naphthalene 0.4% 1.5%
3-Methylidenecyclopenta[a]naphthalene 3.8% 9.3%

Two other important isomers whose relative contributions increase in styrene pyrolysis with respect to
ETB are diphenylacetylene (2.41) and 9H-fluorene, 9-methylene (2.28). Based on the species distribution
in Figure 5-65, the reactions between phenylacetylene (main product of the thermal decomposition of
styrene) and the phenyl radical are the main candidate for the production of these two species, together
with phenanthrene as a byproduct. On the other hand, the reactions between toluene and its radicals are
suppressed, including the main pathway to the formation of anthracene (CgH4CH3+C;H7=AC14H10+H). The
contributions from the other isomers become nearly negligible.

Among all the PAH, the m/z 180 represents the biggest peak of the mass spectrum in Figure 5-68 for
styrene pyrolysis. More importantly, the production of this peak is greater in styrene than in ETB.
Compared to ETB, the peak area for m/z 180 increased by 1.68 times according to the 8.5 eV data and by
2.09 according to the 10 eV data. The reference PESs of nine isomers were considered. Figure 5-69 shows
the comparison between the experimental PESs for m/z 180 in STY and ETB pyrolysis together with the
sum of convolved isomer spectra for the styrene case. E-Stilbene contribution seem to be decreased
compared to ETB since the region from 7.8 eV to 8.0 eV decreased while (Z)-stilbene increased
considerably becoming the major one. For all the considered species, the signal contributions are as
presented in Table 5-17.

Table 5-17. Relative contributions to the m/z 180 overall signal for styrene and ethylbenzene.

STY ETB
9-Methylfluorene 10.7% 6.2%
(E)-Stilbene 28.9%  40.4%
(2)-Stilbene 49.6%  37.3%
1-Methyl-1H-phenalene 1.7% 3.1%
3-Methyl-3H-cyclopentala]naphthalene 1.7% 7.3%
1,1-Diphenylethylene 7.4% 5.6%

Taking into account the peak increase for m/z 180 and its internal isomer distribution, 9-methylfluorene
and (Z)-stilbene globally increase by 1.9 and 1.2 times their value compared to ETB pyrolysis. E-Stilbene
relative global contribution does not vary significantly in the two cases. The above-mentioned molecules
represent the 90 % of the signal contribution according to the analysis proposed here.
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The m/z 166 is one of the main peaks for ethylbenzene and toluene, while the formation of these isomers
from styrene is strongly reduced. Compared to ETB, the peak area of m/z 166 for styrene is 0.13 times
smaller. The biggest contribution in all the studied cases comes from fluorene, which is mainly produced
by reactions of the benzyl radical in toluene and ethylbenzene pyrolysis. In general, the Ci3Hio isomers
comes from the C7+C6 reactions. Since in styrene pyrolysis toluene and its radicals are minor products,
the C13 will consequently be reduced. Concerning the relative contributions from the different isomers
presented in the table below, these are very similar with the ETB base, despite the slight reduction in the
fluorene percentage (from 45% for ETB to 37% for STY).

Table 5-18. Relative contributions to the m/z 166 overall signal for styrene and ethylbenzene.

STY ETB
fluorene 37%  45%
3H-benz[e]indene 11% 8%
1-(1-naphthyl)-1-propyne 11% 6%
2-propynyl naphthalene 17% 17%
1H-phenalene 7% 6%

2-prop-2-ynyl-naphthalene 10% 3%
1-prop-2-ynyl-naphthalene 7% 14%
1H-benz[f]indene 1% 0%
1H-benz[elindene 0% 2%

For m/z 152, the experimental PES shows marked features below 7.9 eV, in correspondence with the
photoionization of cyclopenta[alindene and biphenylene (Figure 5-69). These two species are mostly
related to the biphenyl radical, as presented in section related to toluene pyrolysis. Thus, these results
suggest predominant pathways to Ci;Hs in the case of styrene pyrolysis. The PES relative signal
contributions were determined by using the sum of convolved isomer spectrum that better fits the
experimental PES as shown in Figure 5-69 (black dotted line). The calculated values are 47.3 : 33.0: 8.8 :
8.8 : 2.2 for acenaphthylene : 2-ethynylnaphthalene : cyclopentala]indene : biphenylene : 1-
ethynylnaphthalene , while the values obtained in ETB pyrolysis were 61.4 : 26.3 : 4.4 : 4.4 : 3.5,
respectively. As for the ETB case, the relative percentage between cyclopenta[alindene and biphenylene
was kept the same, as the corresponding PESs are very similar which makes the exact identification
impossible for the current S/N values.

Other important isomers in toluene and ETB pyrolysis are the ones associated with m/z 140. In the case
os styrene pyrolysis, the production of these isomers is strongly reduced compared to the other fuels, as
demonstrated by a MS peak area decrease of 0.07 compared to the ETB case. In addition, the PES analysis
presented in Figure 5-69 shows that, for the case of styrene, the first peak at around 7.95 eV is reduced
with respect to the ETB case. This fact, and other differences in peak sizes and curvatures are well captured
by the sum of convolved isomer spectra considering a large number of PAH isomers. The fitted curve is
shown in black dotted lines in the same figure and the extracted constants are presented in Table 5-19:
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Table 5-19. Relative contributions to the m/z 140 overall signal for styrene and ethylbenzene.

STY ETB
1H-cyclopropala]naphthalene 33.2% 42.5%
1H-cyclopropa[b]naphthalene 36.9% 17.7%
1-ethynyl-1H-indene 7.4% 13.3%
2-ethynyl-1H-indene 7.7% 13.0%
4-ethynyl-1H-indene 1.8% 4.4%
5-ethynyl-1H-indene 1.8% 0.9%
6-ethynyl-1H-indene 1.8% 0.9%
7-ethynyl-1H-indene 1.8% 0.9%
phenyl allenyl acetylene 5.5% 5.3%

The main changes in this isomer distribution concern the formation of 1H-cyclopropa[a]naphthalene and
1H-cyclopropa[b]naphthalene which are the most abundant species in m/z 140 with around 70 % of the
signal contribution to the PES signal. Specifically, , the global signal change was found to be -0.95 times
and -0.85 times for 1H-cyclopropala]naphthalene and 1H-cyclopropa[blnaphthalene, respectively,
compared to the values found for ETB. The contribution from the ethynyl-indene isomers also decreases
from 33% to 22%.
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Figure 5-69. Photoelectron spectra for m/z 128, m/z 140, m/z 152, m/z 166, m/z 178 and m/z 180 obtained at 8.5 eV and
continuous data acquisition mode. Each figure contains experimental PESs for styrene and ethylbenzene pyrolysis and the sum of
convolved isomer spectra for styrene pyrolysis.
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The experimental photoelectron spectra comparison for m/z 128 is also presented in Figure 5-69. The
results show that the second peakin the experimental profile is larger in styrene pyrolysis. This fact means
that the contribution coming from naphthalene, the most abundant species, is probably reduced
compared to ETB pyrolysis. The sum of convolved isomer spectra also presented in the PES analysis well
fits the experimental curve. The relative signal contributions to m/z 128 from the different isomers are
61.4:8.5:8.5:8.5:8.5: 4.4 for naphthalene : 4-ethynylstyrene : 3-buten-1-ynylbenzene : 4-phenyl-1-
butene-3-yne : m-ethynylstyrene : 1H-Indene-1-methylene. In ETB pyrolysis, the relative signal
contributions for the same species are 81.1 : 1.7 : 1.7 : 1.7 : 2.2 : 11.7, respectively. Overall, the
contributions from 4-ethynylstyrene, 3-buten-1-ynylbenzene, 4-phenyl-1-butene-3-yne and m-
ethynylstyrene are increased in percentage, but if we consider that the peak area for m/z 128 decreases
by a factor 0.36 compared to ETB (Figure 5-66), the production of these species from styrene thermal
decomposition is reduced compared to the ETB case. For naphthalene, such reduction is even more
significant (-0.73 times less).

Moving to minor PAH species, the m/z 116 peak size is lower by 0.43 times compare to the peak obtained
for ETB pyrolysis, thus the mole fractions of the related isomers are much lower. Indene is still the major
species in m/z 116 during styrene decomposition at the evaluated temperatures. For all the studied
species the signal contributions are 94.3 : 29 : 1.4 : 1.4 for indene : phenylpropadiene : p-
methylphenylacetylene : 1-propynylbenzene (1-Phenyl-1-propyne) compared to a value of 100% indene
in ETB pyrolysis.

The PES analysis for m/z 130 presented in Figure 5-70 indicates that, as mentioned in the analysis for
ethylbenzene pyrolysis, there is a peak located at 8.33 eV that represents an important part of the
spectrum and it is not captured by the available reference PESs available in this thesis work. However,
part of the experimental PES at low binding energies is well described by the sum of convolved isomer
spectra (dotted black line). The relative contributions for this part of the signal coming from 1,2-
dihydronaphthalene and 1-methylindene are 66.7 : 33.3, respectively, in contrast to the ones found in ETB
that were 87.9 : 12.1. Future efforts in determining reference PESs for other isomers of m/z 130 should
be addressed in order to determine the correspondence of the two proposed isomers here with the
unknown one(s) related to the peak located at 8.33 eV.
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Figure 5-70. Photoelectron spectra for m/z 116, m/z 130, m/z 142, m/z 154, m/z 156 and m/z 168 obtained at 8.5 eV and
continuous data acquisition mode. Each figure contains experimental PESs for styrene and ethylbenzene pyrolysis and the sum of
convolved isomer spectra for styrene pyrolysis.

For the case of m/z 142, the experimental PES signal for styrene is noisier as shown of Figure 5-70. This is
due to the fact that m/z 142 peak is very small with respect to ETB, thus the formation of
methylnaphthalenes is not a major pathway in styrene pyrolysis. This is linked to the reduced formation
of naphthalene, the precursor molecules for methylnaphthalene. The relative contributions from 1-
methylnaphthalene and 2-methylnaphthalene are 56 : 44, in contrast to the ones for ETB (46 : 54).

The PES comparisons between styrene and ETB presented in Figure 5-70 for m/z 154 clearly reveals that
in styrene pyrolysis at the conditions studied, the production of 1-vinylnaphthalene is strongly reduced
relative to biphenyl, the major species, as the correspondent peak at 7.95 eV almost disappear.
Considering that in styrene pyrolysis the peak area for m/z 154 is reduced by 0.66 times compared to ETB
pyrolysis, the global decrease in the concentration of 1-vinylnaphthalene is by a factor -0.93. The relative
contributions to the overall signal of m/z 154 are 87.9: 2.2: 2.2 : 3.8 : 3.8 for all the studied species:
biphenyl : 1-vinylnaphthalene : 2-vinylnaphthalene : acenaphthene : benzobarrelene, compared to ETB
where the relative signal contributions are 54.4 : 21.8 : 10.2 : 6.8 : 6.8, respectively. Once again, the
reduced production of CioHs isomers should be the reason for the reduced vinylnaphthalene
concentrations.

Similar to m/z 130, only a partial fitting of the overall experimental PES signal for m/z 156 could be
obtained due to the lack of reference PESs with marked features above 8.1 eV binding energy. This can be
observed in the PES comparisons presented in Figure 5-70. The corresponding peak in the mass spectrum
is reduced by 0.06 times the value in ETB pyrolysis, and the convolution procedure provides the following
relative signal contributions 21.0 : 8.1: 61.3 : 9.7 for 1,8-dimethylnaphthalene : 1,4-ethanonaphthalene :
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1,4-dihydro,1,4-methanonaphthalene : 6-methyl-1,4-dihydro : 2-ethylnaphthalene, respectively. The
values found in ETB pyrolysis are 9.4 : 3.9 : 82.0 : 4.7. In both cases, the initial part of the spectrum is
mainly dominated by the presence of 1,4-dihydro,1,4-methanonaphthalene.

For m/z 168, the species whose PESs are available in the literature are the methylbiphenyl isomers
(C12H9CHs) as the photoionization energy of diphenylmethane (possibly the main product from aromatic-
aromatic reactions) is higher than 8.5 eV. The relative PESs are presented in Figure 5-70. The fitting
procedure provides relative signal contributions 4.4 : 10.5 : 85.1 for 2-methylbiphenyl : 3-methylbiphenyl
: 4-methylbiphenyl compared to the ones obtained in ETB pyrolysis which are 5.6 : 55.6 : 38.9, respectively.
On the other hand, the major peak at 8.03 eV is slightly shifted compared to the peak in the convolved
curve, while the initial rise in the experimental curve is not very well captured. It is possible that other
isomers might contribute in the case of styrene pyrolysis compared to ETB, but the signal in the case of
STY pyrolysis is quite low compared to ETB (reduction by a factor 0.08) indicating that m/z is a very minor
product in styrene chemistry.

The experimental photoelectron spectrum obtained in styrene pyrolysis for m/z 176 is compared to the
one from ETB thermal decomposition in Figure 5-71. The two profiles are very similar. The relative
contribution constants and the considered PAH species are presented in the Table 5-20.

Table 5-20. Relative contributions to the m/z 176 overall signal for styrene and ethylbenzene.

STY ETB
1-Ethynylacenaphthylene 5.1% 9.9%
3-Ethynylacenaphthylene 8.0% 7.3%
4-Ethynylacenaphthylene 7.3% 10.6%
5-Ethynylacenaphthylene 7.3% 6.6%
1,2-Diethynylnaphthalene 6.6% 9.5%
1,3-Diethynylnaphthalene 2.8% 1.1%
1,4-Diethynylnaphthalene 17.9% 19.8%
1,5-Diethynylnaphthalene 7.3% 6.6%
1,6-Diethynylnaphthalene 2.8% 1.1%
1,7-Diethynylnaphthalene 1.5% 2.1%
1,8-Diethynylnaphthalene 4.4% 6.0%
2,3-Diethynylnaphthalene 4.4% 4.0%
2,6-Diethynylnaphthalene 2.8% 1.1%
2,7-Diethynylnaphthalene 1.5% 1.3%
1-(1,3-Butadiynyl)naphthalene 7.3% 3.2%
2-Buta-1,3-diynylnaphthalene 7.3% 3,2%
Pyracyclene 2.9% 3.3%

Cyclopenta[bclacenaphthylene 2.9% 3.3%
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The total contribution from the diethynylnaphthalenes remains nearly constant (52% for styrene, 53% for
ethylbenzene), the remaining isomers are formed from the reactions of the acenaphthylene radicals with
C;H,, thus their overall contribution remains unchanged too.

Concerning another minor peak, the experimental PES for m/z 182 is also partially reproduced by the
fitting curve as shown in Figure 5-71. The two PESs for styrene and ethylbenzene pyrolysis are quite
different, in particular the early rise in the STY case suggests the presence of a different isomer distribution
compared to ETB. Based on the current literature data, the dimethylbiphenyls have been associated to
m/z 182, but their contributions cannot provide a correct description of the experimental PES for styrene
pyrolysis. Future theoretical calculations will have to be performed to further improve our understanding
of the isomer distribution for this m/z.

The PES analysis of m/z 202 is represented in Figure 5-71. The sum of convolved isomer spectrum (black
dotted line) seems to well represent the experimental PES in styrene pyrolysis. The relative signal
contributions for all the considered species in m/z 202 are presented in Table 5-21.

Table 5-21. Relative contributions to the m/z 202 overall signal for styrene and ethylbenzene.

STY ETB
Fluoranthene 36.6% 38.3%
Diphenyldiacetylene 1.2% 1.2%
Pyrene 19.5% 18.5%
Phenanthrylacetylen 0.6% 0.6%
2-Ethynylphenanthrene 12.2% 11.1%
3-Ethynylphenanthrene 3.7% 3.7%
4-Ethynylphenanthrene 3.1% 3.1%
9-Ethynylphenanthrene 3.1% 3.1%

Benzene, 1-ethynyl-2-(phenylethynyl) 1.2% 1.2%
Benzene, 1-ethynyl-3-(phenylethynyl) 1.2% 1.2%
Benzene, 1-ethynyl-4-(phenylethynyl) 1.2% 1.2%

1-Ethynylanthracene 0.1% 0.1%
2-Ethynylanthracene 0.1% 0.1%
9-Ethynylanthracene 0.1% 0.1%
Acephenanthrylene 3.7% 3.7%
4,5-Vinylidenephenanthrene 12.2% 12.4%
Aceanthrylene 0.1% 0.1%

Few differences between the experimental curves for styrene and ETB pyrolysis are obtained in the
convolution procedure. As can be noticed, for the case of styrene the major species are still fluoranthene,
pyrene, 2-ethynylphenanthrene, and 4,5-vinylidenephenanthrene accounting for the 81% of the overall
PES signal. Taking into account a MS peak area decrease of 0.75 times compared to ETB, the
concentrations of the mentioned major species in m/z 202 globally changed by -0.28, -0.21, -0.18 and -
0.26, thus in a similar fashion. This means that the isomeric distribution did not significantly change for
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styrene compared to ETB pyrolysis, as also observed in Table 5-21, although the styrene pyrolysis leads to
lower m/z 202 products based on the integrated mass spectra.
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Figure 5-71. Photoelectron spectra for m/z 176, m/z 182, m/z 202, m/z 226, m/z 228, and m/z 230 obtained at 8.5 eV and
continuous data acquisition mode . Each figure contains experimental PESs for styrene and ethylbenzene pyrolysis and the sum of
convolved isomer spectra for styrene pyrolysis.

The PES comparison for m/z 226 is also presented in Figure 5-71. The convolved curve captures part of
the experimental PES for this mass. The signal contributions are 66.3 : 33.7 for benzo(ghi)fluoranthene
and 1-ethynylpyrene, respectively, compared to the constants obtained in the case of ETB pyrolysis which
are 76.9 : 23.1. In both cases, the most abundant species for m/z 226 is benzo(ghi)fluoranthene. Based on
the peak size in Figure 5-68, the concentration of benzo(ghi)fluoranthene is expected to decrease by a
factor -1.23 compared to the ETB case, while the one of pyrene to increase by a factor 1.30. Still, there is
part of the experimental PES around 8.09 eV that require further refinements, and future calculations on
reference PES for other PAH molecules should be addressed in order to clarify this part of the spectrum.

Even if the signals become relatively small, the PES comparison for m/z 228 presented in Figure 5-71
demonstrate that PAH isomers can be identified though the convolution procedure. The contribution
constants for chrysene : 1,2-benz[alanthracene : triphenylene : 1-(phenylethynyl)naphthalene are 2.5 :
20.5:45.1: 32.0, respectively, and for ETB are 31.8 : 4.5 : 31.8 : 31.8. This information indicates that, in
styrene pyrolysis, the percentage related to chrysene has strongly decreased in correspondence with an
increase of 1,2-benz[a]anthracene formation. This might indicate specific pathways to the m/z 228 from
styrene pyrolysis compared to the ethylbenzene case. The major species of m/z 228 is triphenylene
followed by 1-(phenylethynyl)naphthalene.
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Figure 5-71 shows in detail the experimental PES comparison for m/z 230 obtained in styrene and ETB
pyrolysis. The fit obtained by means of the sum of convolved isomer spectra has determined the relative
contribution for the considered species. p-Terphenyl, o-terphenyl and m-terphenyl were found to
contribute 44.4 : 33.3 : 22.2 to the PES signal, respectively, which means that with respect to ETB, p-
terphenyl and o-terphenyl are more prominent species. In ETB pyrolysis the relative PES signal
contribution for the same group of isomers is found to be 24.1 : 15.7 : 60.2. However, a global decrease
is found for these species since this mass has suffered a decrease in the peak area of 0.48 times the value
observed in ETB.

To summarize the results presented in this chapter, two different series of experiments have been
performed (i) with pulsed mode (reflected shock time identified) averaging more than 22 000 runs and (ii)
with continuous acquisition mode averaging more than 41 000 runs. For the experiments at 10 eV, well
defined mass spectra were obtained from light species up to 5-member rings in the pulsed acquisition
mode averaging data over 1.2 ms of shock reflected reaction conditions. At photon energy of 8.5 eV,
photoelectron spectra were measured for the main PAH products in the continuous mode that allowed
the isomer identification. The results were compared to the ethylbenzene ones. Despite the qualitative
nature of the current analyses, the datasets constitute an important benchmark for improving our
fundamental understanding on the complex chemistry from styrene pyrolysis, and for the development
of detailed chemical kinetic models for soot precursor chemistry. Finally, a comparative study between
the synchrotron-based shock tube techniques and the conventional laboratory-based shock tube
techniques is realized in the frame of this thesis in order to highlight the complementarity of the different
set-ups. Specifically, the first pyrolytic study on styrene decomposition using the HPST single pulse shock
tube coupled to GC/GC-MS is presented in the next sections, together with preliminary model simulations
for products up to four rings. Future experimental campaigns at SOLEIL and SLS will focus on other
important fuel components and intermediates, i.e. phenylacetylene, benzene, xylenes, and mixtures with
small aliphatics.
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5.6 Pyrolysis of Styrene using HPST/ GC-MS

In the previous chapter the HRRST/i2PEPICO coupling has been employed to measure and identify several
products formed during the styrene pyrolytic decomposition ranging from m/z = 52 up to m/z = 230. In
the present chapter new measurements on styrene pyrolysis using the ICARE single pulse shock tube
coupled to gas chromatographic systems and mass spectrometry (SPST/GC/GC-MS) will be presented,
including measurements of PAH products up to four rings, for comparison with the HRRST data. This will
evidence the complementary between these two kinetic techniques. Additionally, several important
aspects related to the PAH chemistry during the thermal decomposition of styrene are discussed based
on chemical kinetic modeling.

The single pulse experiments were performed at a temperature range of 1168 — 1734 K and a nominal
pressure of Ps = 20 bar with reaction time of around 4 ms. The initial fuel concentration is 92 ppm (styrene
from Sigma-Aldrich, 98% putity) diluted in argon (Air Liquid, 99.9999%) as bath gas, while the driver gas
was helium (Air Liquid, 99.995%). The error associated to the measurement of the temperature is
estimated to be £30 K, the uncertainty on the measurement of small species mole fraction is not more
than 5 %, and for PAH not more than 15 %.

The experimental results are accompanied by numerical simulation results that were obtained with the
most updated version of the ICARE chemical kinetic model for PAH formation and growth. The simulations
were run using the homogeneous batch reactor module in CHEMKIN Pro. The validated styrene model
serves as a sub mechanism for a more comprehensive chemical kinetic model that has been already
validated against speciation profiles obtained with single pulse shock tube. The fuels considered in
previous studies include single fuels like toluene, benzene, alkylbenzene, xylenes, phenylacetylene,
cyclopentene, n-heptane and reactions with C2-C3 small hydrocarbons, at nominal pressure of 20 bar and
temperature range of 1000 - 1800 K.

5.6.1 Small hydrocarbon and mono-ring aromatic species

Figure 5-72 presents the experimental species profiles (in symbols) for small hydrocarbon and mono-ring
aromatic species produced from styrene (CsHsC;Hs) decomposition. The current model results are shown
in solid lines. The model presents an overall good agreement with the experiments including the fuel
decay and the formation of aliphatic species like acetylene (C;H,), ethylene (C;H4), diacetylene (C4H,) and
small single-ring aromatics like benzene (C¢Hs), toluene (C;Hs) and phenylacetylene (CsHsC;H), validating
the proposed reaction pathways.

According to the experimental results, styrene starts decomposing at 1226 - 1283 K similar to toluene
which decomposes above 1240 K [65]. Additionally, for both fuels, the decay slope is similar. Benzene
(CeHe) is one of the main byproducts of styrene pyrolysis (Figure 5-72e). This aromatic compound starts
to be produced at the same temperatures as styrene starts decomposing and its maximum concentration
is located at a temperature of 1516-1553 K (~25 ppm). According to the model, almost 90% of the benzene
production comes directly from the decomposition of styrene (CsHsC,Hs) though reactions with H atoms
producing also vinyl radical (C;Hs). The remaining 10% mainly comes from H-abstraction reactions of the
phenyl radical (CeHs) with styrene. Phenyl radical is formed from the thermal decomposition of 2-
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phenylethyl (CsHsCH,CH,), one species produced from the addition reaction of styrene with hydrogen
atoms. The addition step leads also to 1-phenylethyl (CsHsCHCH3) that is also accounted in the current
model [83].

Large amounts of phenylacetylene (CsHsC;H) were also detected in the single pulse shock tube
experiments as shown in Figure 5-72g. This mono-ring compound reaches the peak of concentration at
1496 K with a value of ~11 ppm. After styrene breakdown initiated by C-H bond fission on the vinyl moiety,
unimolecular decomposition reactions give place to mono-aromatic species like phenylacetylene and
other products like o-benzyne (0-CsHa) and ethylene (C2H4). This last species is also measured with the GC
and presented in Figure 5-72b. The breakdown of styryl radicals participate in the formation of
phenylacetylene but in a minor amount compared to the unimolecular reaction C¢HsC,;H3=CgHsC,H+H,.

Toluene (C7Hs) is the last mono-aromatic compound detected using the HPST/GC coupling, it is produced
in small amounts during styrene pyrolysis reaching values less than 1 ppm as presented in the Figure 5-72f.
This fact has also been proven in the previous chapter using HRRST/i?PEPICO coupling where toluene
production during the decomposition of styrene is very reduced compared to ethylbenzene, for example.
Toluene may be formed when benzyl radical reacts with a hydrogen atom. On the other hand, the benzyl
radical is produced in small amounts from the recombination of o-benzyne (0-CgH4) with methyl (CHs) and
not from a direct decomposition step as for ethylbenzene.
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Figure 5-72. Styrene decomposition, mole fractions of small hydrocarbons and mono-ring aromatic products as a function of Ts at
nominal pressure Ps of 20 bar. The symbols are the experimental results while the solid lines are numerical results with the current
ICARE model for PAH formation and growth.

The comparison between the concentrations of the main monoaromatic products obtained with the GC-
MS system and with the HRRST/i2PEPICO system may provide an additional confirmation of the validity of
the new synchrotron-based methodology. For instance, at Ts= 1350 K, 20 bar, and 92 ppm of styrene, the
relative concentration for small aromatic species produced in the decomposition of styrene in the HPST
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for benzene : toluene : phenylacetylene is 64 : 3 : 33. At similar temperatures Ts,average= 1345 K, Ps,average =
6.5 bar, 0.1% styrene using the HRRST/i’PEPICO coupling, the relative concentrations from the respective
m/z peak areas in the mass spectra of 1.2 ms (thus area corrected by the cross-section at a photon energy
of 10 eV (Ax/oy)) are 48.8 : 2.7 : 48.5 for benzene : toluene : phenylacetylene, respectively. This is a
reasonable agreement considering the differences in the experimental conditions especially in terms of
non-idealities and temperature rise behind the reflected shock waves in the HRRST. If we consider, based
on the adiabatic compression simulations based on the measured pressure profile, the temperature
within the first 600 ps increases by around 200 K before dropping. The average temperature is around
1450 K then. If we consider the HPST result at 1452 K, the ratio becomes 61 : 2 : 37, which is very close to
what is obtained in the HRRST. In addition, the m/z 102 area might be affected by the presence of
benzocyclobutadiene, as shown in the previous chapter, whose contribution need to be eliminated for a
more accurate analysis.

5.6.2 Polycyclic aromatic hydrocarbons

Regarding the larger species, including the PAH products, the experimental species profiles vs
temperature are presented in Figure 5-73. The figure contains the information for species ranging from
two, up to four-member rings starting from very common PAH compounds like indene and naphthalene
until pyrene. Other species were also detected in this work but they are not included in the analysis due
to the small signal levels and, for the largest molecular weight compounds, due to possible condensation
inside the transfer lines. The results are discussed in the following paragraphs in order of the molecular
weight, from the smaller to the larger PAHs.

Indene (CsHs) was produced in low concentrations compared to other PAH compounds, and its behavior
is well captured by the model. As shown in Figure 5-73a, the formation window for this species starts at
around 1323 K reaching a peak of ~0.3 ppm at 1496 K-1556 K. According to the current model, the
production of this species can be attributed to reactions between phenylacetylene (C¢HsC;H) and methyl
(CHs). Naphthalene (Ci0Hs) maximum mole fraction was found to be ~1 ppm at ~1557 K, Figure 5-73b. This
common PAH species starts appearing at around 1400 K and as previously mentioned, its formation is
related to the reactions between o-benzyne (0-CgH4) with benzene (C¢Hs) via BICYCLO intermediate giving
also place to the formation of acetylene C;H,, which is a measured species presented in Figure 5-72c . The
model can accurately reproduce the species profile considering the measurement errors for the
concentration and temperature which are less than 15 % and 30 K, respectively.

1-Ethynylnaphthalene (Ci0H;C;H) is produced in smaller concentrations than naphthalene, as expected.
Its maximum concentration of ~0.2 ppm is reached at ~1555 K as shown in Figure 5-73c. In fact,
ethynylnaphthalene is mainly produced from naphthalene reaction with ethynyl radical (CioHs + CoH =
Ci0H7CoH + H). The current version of the model overpredicts the concentrations for this species, and this
may be due to the lack of consumption reactions or uncertainties in the related kinetic parameters.

The concentration versus temperature profile for acenaphthylene (ACi;Hs) is showed in detail in Figure
5-73d. The peak of concentration for this species is located at ~1573 K taking a value of ~0.8ppm.
According to the model, which well reproduces acenaphthylene concentration profile, the main
contribution for the formation of this species is due to hydrogen loss and ring closure of biphenyl (C12H10)
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intermediate which is produced from the reaction between two phenyl (CsHs) radicals. A minor pathway
involves 1-ethynylnaphthalene which may react with a free hydrogen to produce acenaphthylene (AC12Hs)
through the reaction CyoH;C;H + H = AC12Hs + H.
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Figure 5-73. Experimental concentration profiles vs temperature for polycyclic aromatic hydrocarbon compounds detected using
SPST/GC/GC-MS system at nominal pressure Ps of 20 bar. The symbols are the experimental results while the solid lines are
numerical results produced with the current version of ICARE model for PAH formation and growth.

Stilbene (CgHsC2H,CsHs, also CisH12) is one of the most predominant PAH compounds produced during
styrene pyrolysis according to detection and measurement with GC. The concentration profile for this
species presented in Figure 5-73e shows that a peak value of ~1.5 ppm was found at ~1400 K evidencing
an early formation of this species, starting at around ~1237 K. The formation of stilbene (C¢HsC,H2CgHs)
can come from the addition of radical phenyl (C¢Hs) to styrene (CeHsCzHs), producing two kind of Ci4Hi3
species, either CsHsCH(CH,)CsHs and CsHsCHCH,CsHs. Specifically, CsHsCHCH,CeHs can release a hydrogen
to produce stilbene. Additionally and similar to stilbene, from CsHsCH(CH,)CsHs decomposition it can be
produced another Ci4Hi; isomer: 1,1-diphenyl-ethylene (CsHsC(CH2)CsHs) which was also measured as
depicted in Figure 5-73f with a maximum concentration of ~0.4 ppm at ~1405 K. Additional studies on the
different pathways related to styrene pyrolysis should clarify these kinetic steps as the current version of
the model overpredicts the formation of stilbene and 1,1-diphenyl-ethylene.

Regarding CisH1g isomers, the presence of diphenylacetylene (CsHsCCCgHs) was investigated. Figure 5-73g
shows that this species reaches a maximum concentration of ~0.5 ppm at ~1487 K. Overall, the model can
predict the rising temperature and level of concentration with relatively good accuracy within the
experimental uncertainties. Diphenylacetylene can be produced from phenyl (C¢Hs) addition to
phenylacetylene (CsHsC;H). On the other hand, 9-methylenefluorene (C13HsCHz), whose species profiles is
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presented in Figure 5-73h, can be directly produced from the decomposition of 1,1-diphenyl-ethylene
(CeHsC(CH,)CeHs) already discussed with the analysis of Figure 5-73f. The current model overpredicts the
relative mole fractions which reach a maximum value of ~0.14 ppm.

Phenanthrene (CisHio) is one of the main PAH compounds produced in styrene pyrolysis. Similar to
stilbene, the phenanthrene mole fractions reach ~1.5 ppm at ~1487 K as shown in Figure 5-73i. The model
exhibits a good prediction for the phenanthrene profile within the measurement uncertainties. According
to the kinetic analyses, phenanthrene is being mainly produced from the decomposition of 1,1-diphenyl-
ethylene (CgHsC(CH;)CeHs) which produces 9-methylenefluorene (Ci3HsCH;) and 1,2-diphenyl-ethenyl
radical (CeHsCCHC¢Hs) which subsequently form phenanthrene (CisHio). Also, phenanthrene can be
produced from phenyl addition to phenylacetylene through the reaction route C¢HsC;H + CgHs= CigHio +
H, however this pathway is only minor in styrene pyrolysis.

Anthracene (ACisH1o) was found to be almost three times less abundant than phenanthrene (Ci4H1o) with
a maximum concentration of ~0.6 ppm at ~1470 K. Analyzing Figure 5-73j, it can be noticed that the
current version of the model cannot well reproduce the temperature window for this species since it
predicts a delayed appearance and consumption of anthracene compared to the measurements.
However, the magnitude of concentration for the gaussian shaped curve is well captured. Anthracene
(AC14H10) may be produced from stilbene (CsHsC,H2CsHs) which decomposes into radical CsH4C;H,CeHs that
subsequently produces anthracene.

Larger PAH compounds were measured with the aid of the HPST/GC system including four-ring isomeric
species of Ci6H10. For instance, pyrene (PCisH10), whose experimental profile is presented in Figure 5-73|,
seems to be mostly produced from the combination of phenylacetylene radical (CsH4sCoH) with styrene
(CeHsCzHs). Another possible pathway for the formation of this large PAH is the reaction between
phenylacetylene radical (CsH4C,H) with phenylacetylene (CsHsC,H) but this route has a small contribution
to the overall pyrene formation. The concentration of pyrene in the mixture starts to increase at a late
temperature of ~1450 K with a maximum of ~0.05 ppm located at ~1597 K.

Fluoranthene (FCigH10) concentration was found to be larger than pyrene. It reaches a maximum of ~0.1
ppm at a temperature of ~1560 K as evidenced in the graph of Figure 5-73k. The formation of fluoranthene
is also late in temperature as pyrene, starting to be produced at around 1431 K. According to the most
recent version of the ICARE PAH model, fluoranthene may be produced through two main routes. The
first one is the reactions between fluorenyl radical (Ci3Hs) with propargyl radical (CsHs). Fluorenyl (Ci3Hs)
comes from the decomposition of 9-methyl-9H-fluorene (CisHsCHs) which is a stepwise result of the
combination of styrene (C¢HsC2H3) and phenyl (CeHs). Such reaction yields the radical CsHsCH(CH,)CeHs
which can also produce 1,1-diphenyl-ethylene (CsHsC(CH2)CgHs). Propargyl (CsHs) is a minor product of
styrene decomposition from the reaction C¢HsC;H3 = CsHs+CsHs. The second route to the production of
fluoranthene is the unimolecular decomposition of phenyl naphthalene (Ci0H;CsHs) which is formed from
the reaction between benzene (CsHs) and naphthyl radical (CioH5).

A qualitative comparison between the results from the HPST experiments in Figure 5-73 and the HRRST
results can be performed by considering the integrated mass spectrum obtained at 10 eV (Figure 5-65).
The PAH products will be the focus of the present analysis. First, the biggest m/z peaks correspond to m/z
178 and 180, similar to the HPST results where maximum total mole fractions of around 2.7 ppm and 2
ppm were obtained, respectively, by considering the sum of the single mole fractions of the different
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isomers. Among the CiusHio isomers, the order based on the HPST maximum mole fractions is
phenanthrene > diphenylacetylene ~ anthracene > 9H-fluorene, 9-methylene, while stilbene is clearly the
major isomer among the Ci4H1; species. The stilbene isomers, (E)- and (Z)-, provide the main contributions
to the experimental PES of m/z 180 in the HRRST experiments, although the anthracene contribution is
reduced in this case and similar to the one of 9H-fluorene,9-methylene. This difference might be due to
the different T conditions considered (the HRRST P and T profiles vary over time as discussed above), the
different reaction times (4 ms for the HPST vs 1.2 ms integration time for the HRRST), or the initial fuel
concentration which varies by an order of magnitude. These hypotheses require further validation by
chemical kinetic analyses.

Among other major products, naphthalene and acenaphthylene are clearly the most important in both
cases, although the HRRST experiments show major contributions from other isomers which are negligible
in the case of the single-pulse shock tube experiments. For example, the contributions to m/z 152 from
acenaphthylene and ethynylnaphthalenes are 47% and 35%, respectively, while the concentration of
ethynylnaphthalenes in the HPST results is around % of that of acenaphthylene. In addition, several
isomers were detected for m/z 128, i.e. the ethynylstyrenes, which are not detectable in the HPST signals.
This difference is probably due to the initial fuel concentrations, much higher in the HRRST experiments,
which leads to an increased importance of the secondary chemistry. For the same reason, certain m/z
such as 126 and 176 (mainly diethynylbenzenes and diethynylnaphthalenes) are major products in the
HRRST mass spectrum and not in the GC measurements.

Finally, for the largest molecular weight PAHs, the ratio between the mole fractions of fluoranthene and
pyrene is around 2.5 : 1 in Figure 5-73, while the in the case of HRRST this ratio of the contributions to the
PESis 1.9 : 1. In addition, other products in the HRRST results include the ethynylphenanthrenes and 4,5-
vinylidenephenanthrene which are not detectable in the HPST results.

These results show how, overall, the two experimental techniques provide data which are consistent with
each other. On the other hand, the possibility to perform experiments with higher initial mole fractions in
the HRRST coupled to the high-sensitivity and isomer selectivity of the synchrotron diagnostics, provides
complementary information compared to the laboratory-based techniques.

5.6.3 Styrene pyrolysis compared to toluene and ethylbenzene pyrolysis

In order to compare the styrene pyrolytic products to the ones produced in toluene and ethylbenzene
pyrolysis, Figure 5-74 presents the measured mole fractions of small species, monocyclic aromatic
hydrocarbon (MAH) species, and polycyclic aromatic hydrocarbons (PAHs) . The nominal pressure Ps is 20
bar, the temperatures Ts between 1000 K and 1700 K, reaction time of around 4 ms for mixtures of 92
ppm of styrene (black circle symbols), 105 ppm of toluene (blue triangle symbol) and 101 ppm of
ethylbenzene (red squared symbols) all diluted in argon bath gas.

In Figure 5-74a, a rapid fuel decay occurring at relatively low temperatures is evidenced for ETB
decomposition compared to styrene and toluene which present similar decomposition rates and
temperature windows, evidencing that ETB has a higher reactivity compared to the other two fuels. As a
consequence, MAH intermediates like toluene and styrene are produced in larger amounts and present a

190



wider temperature window in ETB pyrolysis. Additionally, these compounds start forming at very early
stages in ETB decomposition as can be seen in Figure 5-74e and g.
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On the contrary, as evidenced in Figure 5-74f the production of phenylacetylene is predominant in styrene
pyrolysis from the direct dehydrogenization of the fuel, followed by ETB and by toluene. Similarly, the
pathways to the decomposition into benzene are slightly more favored in styrene pyrolysis rather than in
ETB and toluene decomposition which present very similar mole fractions as in Figure 5-74d. Indeed,
together with the ipso-addition fuel+H=benzene+(C;Hs, C;Hs, or CHs), in styrene pyrolysis benzene can be
produced also by the reaction CsHsC;Hs=CgHe+H2CC. Finally, ethylbenzene was not detected in styrene
pyrolysis but only in the case of toluene pyrolysis (Figure 5-74h). Thus, considering the MAH intermediate
species, ethylbenzene mainly decomposes into benzene, toluene, and styrene and, in a minor way, to
phenylacetylene, while toluene pyrolysis produces mainly benzene, and small amounts of
phenylacetylene, styrene, and ethylbenzene. For the case of styrene, its decomposition pathways favors
the production of benzene and phenylacetylene, while the production of toluene is very reduced.

The distribution of MAH species affects the formation of PAH products. In general, most of the main multi-
ring species reach higher mole fractions from ETB pyrolysis, including acenaphthylene (Figure 5-74l), 9-
methylenefluorene (Figure 5-74p), phenanthrene (Figure 5-74q), and pyrene (Figure 5-74t) the
concentrations are clearly higher in ETB pyrolysis. As benzene profiles are very similar, this intermediate
species can not be responsible for the different propensity of ETB to form PAHs (it is relatively stable at
these conditions, its thermal fragmentation leads to the opening of the ring at high temperatures). The
fact that ETB decomposes at lower temperatures to form toluene, styrene, and the corresponding
radicals, which can react with the fuel molecule directly to form larger products, is possibly the main
reason for an enhanced propensity to form PAHs. A similar general behavior was also observed in the
experimental results obtained with the HRRST/i?PEPICO technique (Figure 5-53).

Considering the different compounds, naphthalene production is slightly reduced from ETB to toluene
pyrolysis, while a significant drop in the corresponding concentrations is observed for styrene (Figure
5-74j). Indene (Figure 5-74i) is primarily produced from the reaction of the benzyl radical with C,H,, thus
it follows the same order as for the mole fractions of the benzyl radical produced (toluene > ETB > STY).
The mole fractions of the other main two-ring fused product, acenaphthylene (Figure 5-74l), are similar
for toluene and STY pyrolysis, but lower almost by a factor 2.5 compared to the ETB case. As shown in the
previous chapters, the reactions of styrene and its radicals lead to the formation of Ci4Hi, isomers,
primarily stilbene (Figure 5-74m) and, in minor proportion, 1,1-diphenylethylene (Figure 5-74n). With
regards to other fuels, only toluene decomposition leads to the formation of stilbene from the
dehydrogenization of bibenzyl, produced in large concentrations in this case. Further dehydrogenization
of stilbene produces diphenylacetylene, whose relative concentrations are proportional to the ones of
stilbene. Finally, the CisHio isomers are the ones which exhibits different behaviors. In fact, while
phenanthrene (Figure 5-74) and 9H-Fluorene, 9-methylene (Figure 5-74p) are formed primarily during
ETB pyrolysis, anthracene (Figure 5-740) production seems to be very similar in styrene and toluene
pyrolysis but higher than the concentrations found in ETB pyrolysis. Further detailed kinetic analyses will
be required to explain this fuel-dependent behavior.

To conclude this chapter, new experimental information on styrene thermal decomposition and
speciation up to four ring PAH structures were obtained using single-pulse shock tube coupled to GC/MS
system. The ICARE PAH formation kinetic model was validated against the experimental data and the most
updated version with a styrene sub-mechanism was used here. The model is capable to reproduce the
majority of the species concentration versus temperature profiles for small hydrocarbon, mono-ring
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species, and PAH compounds aiding the analysis of the experimental results. It was also illustrated how
the information obtained using the HRRST coupled to i?PEPICO detector can complement and confirm the
results obtained with well-stablished conventional techniques, but still giving more insight in the
formation chemistry of large PAH species as discussed in previous chapters. The present results constitute
one important contribution to the field of soot chemistry because of the important role that styrene plays
on the formation of PAHs from typical real and surrogate fuels.
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5.7 Pyrolysis of ethylbenzene and styrene using HST/LS

The previous chapters have been focused mostly on the PAH chemistry from three important aromatic
fuels, toluene, ethylbenzene, and styrene. Complementary experimental results from both laboratory-
based and synchrotron-based techniques were presented to highlight the different formation kinetics as
function of the fuel properties with the support of model analyses and chemical intuition. In particular,
the three fuels are correlated as ethylbenzene, the smallest alkylbenzene representative of this class of
hydrocarbons often implemented in surrogate formulations, undergoes thermal decomposition to
styrene and benzyl radical (from which toluene is formed), among the others, from dehydrogenization
and C-C bond scission. The propensity of ethylbenzene to form PAH intermediates has been highlighted.
On the other hand, the pathway to the carbon nanoparticles and their growth includes additional steps
which needs to be clarified based on complementary techniques focused on the solid-phase chemistry. In
particular, the ICARE heated shock tube and laser extinction technique (HST/LS) were implemented in
order to obtain time-history optical density profiles from the pyrolysis of styrene and ethylbenzene, and
compared to the toluene data from previous works. The overall output of this chapter constitutes an
important contribution as experimental benchmark for the development of the on-going ICARE soot
model which is intended to be a comprehensive multi-phase pyrolytic model for simulation of a wide
number of fuels and intermediates, aliphatic and aromatic, and their mixtures.

Around 76 experiments for the two fuels were performed with an initial carbon concentration [C] used in
previous study on toluene pyrolysis (3.2—-4.0x10” atoms-cm3), which correspond to molar concentrations
of 0.0613% ethylbenzene (ETB) and styrene (STY) in argon bath gas. The reflected conditions were kept at
nominal pressure of 17.6 bar with small standard deviation of £ 0.6 bar in ETB tests and 17.9 bar £ 0.3 bar
for styrene. The temperature range varied between 1567 K and 1942 K for STY, between 1560 K and 1939
K for ETB.

The following discussion is based on the analysis of the soot optical densities at shocked conditions before
the arrival of the rarefaction waves, in particular at two different times, 2 ms (De3snm,2ms) and 4 ms
(De33nm,ams). The optical densities were chosen instead of the soot volume fractions as independent from
the particle refractive index which is of difficult evaluation and which introduces considerable
uncertainties in the final qualitative measurements. The induction delay times (ting) will also be presented,
providing an estimate of the fuel tendency to more or less quickly form the first nascent nanoparticles.

5.7.1 Optical densities

Figure 5-75 contains plots of the measured optical densities versus time for the three analyzed fuels at
different temperature conditions. Styrene and ethylbenzene are compared to the reference optical
densities reported in [128] for toluene keeping the same initial carbon concentration, temperature, and
pressure conditions. All the plots share the same scale for a better comparison. Figure 5-75a to c clearly
show that 0.07% toluene can reach higher optical densities followed by 0.0613% styrene and 0.0613%
ethylbenzene. Toluene as well presents a wider temperature window compared to the other two fuels. A
more detailed evolution of the temporal optical densities with the temperature comparing the three fuels
can be found in Figure 5-75d to Figure 5-75i. Figure 5-75d exemplifies how at low temperatures (~1565
K), the optical densities are low for all fuels, styrene being the one less prompt to produce soot compared
to ethylbenzene and toluene, in the order. Also styrene seems to be the slowest to produce soot at low
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temperatures. As the temperature increases the level of soot for all the three fuels significantly increases
(Figure 5-75e). Specifically, the optical densities for styrene becomes similar to the ones of ethylbenzene
at around ~1655 K while the ones for toluene remains higher over the whole time interval. At around
~1710 K the optical densities are still high for all the fuels but at this point styrene starts producing more
soot than ethylbenzene, reaching optical densities slightly lower than toluene (Figure 5-75f). Moreover,
Figure 5-75g to Figure 5-75i show how toluene and styrene produce soot at similar initial times at high
temperatures while at the same time the optical densities start gradually decreasing for the three fuels
being ethylbenzene always the slower and the one with lower optical densities.
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Figure 5-75. Optical densities versus time for a) 0.0613% ethylbenzene at different temperatures, b) 0.0613% styrene at different
temperatures, c) 0.07% toluene at different temperatures, d) ~1565 K for the three fuels, e) ~1655 K for the three fuels, f) ~1710
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In a more visual representation, Figure 5-76 compares the optical densities vs temperature obtained in
this work for ethylbenzene (in blue) and styrene (in red) to the reference ones for toluene (in black). The
temperature dependent shape for optical densities obtained at 2 ms and 4 ms are in concordance with
the behavior for soot yield previously observed [55], [307]. The optical density plots show that overall,
toluene tendency to produce soot particles is higher than styrene and ethylbenzene.

In particular, the graphs can be divided into two regions, the one at relatively low temperatures and the
high-temperature region. Below 1600-1650 K, the soot formation and growth is dominated by the
reaction between aromatic compounds and radicals, in particular the resonantly stabilized radicals as the
benzyl radical. It is for this reason that the order in the optical densities follow the same order as the
benzyl radicals concentrations from the thermal decomposition of the three fuels, thus toluene >
ethylbenzene > styrene. At higher temperatures, the chemistry is driven by the reactions between small
aliphatics and PAH/particles, in particular the HACA mechanisms. In this case, the C/H ratio in the fuel
plays an important role. The results for toluene are comparable with the ones from styrene pyrolysis and
higher than the ethylbenzene case, ethylbenzene being the fuel with the lower C/H ratio.

Concerning the maximum values of optical densities measured, for the case of ethylbenzene, the peak in
the 4 ms profile is located around 1713 K with a value of ~60 m2/mol. This is lower to the one obtained
for toluene which peaks at very similar temperatures with a maximum optical density of ~70 m%/mol. For
the case of styrene, the temperature dependent optical densities measured at 4 ms indicate that the
maximum peak is located at around 1705 K-1726 K, similarly to toluene and ethylbenzene, with a value of
~66 m?/mol, thus between the other two profiles. At 2 ms, the maximum optical densities of toluene and
styrene are nearly identical (~52 m?/mol), while the ones for the ETB case are lower by around 10%.
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Figure 5-76. Optical densities vs temperature for 0.0613% ethylbenzene (blue), 0.0613% styrene (red), 0.07% toluene (black, [128])
diluted in argon: a) measured at 2 ms after shock arrival; b) measured at 4 ms after shock arrival.
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5.7.2 Induction delay times

Another important parameter that can be derived from the optical density time-profiles is the induction
delay time, which indicates the time necessary for the appearance of the first detectable particles. This
parameter is linked to the nucleation phase. The results are presented in Figure 5-77. which is divided in
four parts for better visualization. Figure 5-77a and b present the processed induction delay times in a
logarithmic scale vs the inverse of temperature for ethylbenzene and styrene, respectively, while Figure
5-77c shows the data previously reported for toluene. The comparison of all the three fuels is presented
in Figure 5-77d.
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Figure 5-77. Induction delay times vs 1000/temperature (1000-K-1) for a) 0.0613% ethylbenzene (blue), b) 0.0613% styrene (red),
¢) 0.07% toluene (black;, [128]), diluted in argon d) comparison between the three datasets.
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For all the cases, there is a double slope in the induction delay time profiles. The temperature at which
the change in slope occurs corresponds to the condition where the production of soot is maximized (1720
K-1750K). The reason for the presence of the two regions is linked to the different mechanisms governing
soot formation at low and high temperatures, i.e. aromatic-aromatic recombination and aromatic-
aliphatic reactions, respectively. The experiments have been fitted with exponential curve in Arrhenius
form [118]. The slope of the curve is proportional to the activation energy of the global process (slope
multiplied by the gas constant R). In the high-temperature regions, the three activation energies are very
similar, 63+1 kcal/mol. On the other hand, the activation energies in the low temperature regions increase
from 28 kcal/mol to 38 kcal/mol and 47 kcal /mol from toluene to ETB and STY, respectively. Again, as for
the analyses performed on the optical densities, the different slopes are related the concentrations of the
benzyl radical availability in the product pools, the higher the benzyl mole fraction the lower the induction
delay times, thus the higher the propensity to form the primary particles.

When comparing the three curves in Figure 5-77d, other differences are perceptible. Ethylbenzene
induction delay times in the high temperature region, are slightly higher than the ones of toluene and
styrene despite the similar slopes. This can be linked to the C/H ratio, as ETB is the fuel among the three
which has the lowest ratio. Toluene and styrene curves are characterized by similar induction delay times
in this region. The curves will then cross towards the low-temperature region, where the different slopes
lead to the above-mentioned ranking, tstv > Ters > Tro. For example, in ETB pyrolysis the maximum value
in induction delay times is 1243 us at 1560 K, while at similar conditions (Ts = 1571 K) the induction delay
time for toluene is 827 ps, thus around 30% lower.

5.7.3 Preliminary kinetic modeling considerations

Work is ongoing at ICARE with the goal of developing a detailed soot chemical kinetic model for particle
chemistry from pyrolytic reactions of aromatic fuels. In particular, the results show that toluene has a
higher propensity to form soot than styrene and ethylbenzene. In general, two factors influence the soot
chemistry based on the data analyses, i) the formation of resonantly stabilized radicals from the thermal
decomposition of the fuel molecule in the low-temperature region; ii) the C/H ratio in the high-
temperature region. The datasets presented in the previous section provide essential information for
improving our understanding of the different processes responsible for soot formation from key fuels,
depending on the temperature conditions and fuel structure/chemistry, and for the estimation of the
corresponding kinetic parameters.

Preliminary considerations can be withdrawn from the current ICARE PAH model developed for simulating
the PAH chemistry from pyrolysis reactions of aromatic fuels. The model does not contain the detailed
chemistry of the particles, but only the lumped species BIN1A and BIN1B, which corresponds to C20
species with different C/H ratios. On the other hand, the bigger BINs which represent the soot particles
will build upon the BIN1, thus they will be proportional to the BIN1 concentrations. Figure 5-78a contains
the simulation results for BIN1B for the three fuels, at representative temperature and pressure
conditions of 1750 K and 18 bar, respectively, and fuel concentrations as in the experiments of previous
sections. The simulations are not capable to reproduce the experimental behavior as styrene is predicted
to produce more particles over the entire reaction time compared to toluene and ethylbenzene. On the
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other hand, Figure 5-76 indicates that at these conditions, styrene and toluene should produce similar
soot mole fractions while ETB lower values.
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Figure 5-78. Simulation results using the ICARE PAH model for a) BIN1B b) CisHig, c) CisH1o, €) C14H10. For the three fuels, at
representative temperature and pressure conditions of 1750 K and 18 bar, respectively, and fuel concentrations as in the
experiments of previous sections.

Further model developments are then required. In particular, in the three cases, the reaction pathways
to the BIN1s species are common, based on rate-of-production analyses. The main formation mechanism
is the HACA route CigH1o / FCi6H10 > CisHio = BIN1B, where CisH1o is pyrene and FCigHio fluoranthene,
while CisH1o the lumped C18 species. A third pathway to CisHi0 involves the reaction between the indenyl
radical CoH7 and the naphthyl radical Ci0H7 (global reaction based on CRECK model from Politecnico di
Milano). CieH10 is mainly formed through HACA step from CisHio (phenanthrene), while FCigH1o derives
from the reactions between Ci3Hg (C10H7+C5Hs main reaction to Ci3Hi0) and C3H; and the isomerization of
Ci0H7CeHs (which is the result of the C10+C6 reactions). Among these intermediate species, two main
pathways are responsible for the phenanthrene production: i) the one starting from the reaction between
the phenyl radical and phenylacetylene to form diphenylacetylene, which then isomerize to
phenanthrene; ii) the pathway Ci3Ho+CH3 = Ci3HsCH3 - Ci3HsCH, = CisHio. Considering all these main
mechanisms, the two main PAH building blocks are naphthalene and indene, from which CioH; and CgH-;
derive. Naphthalene also derives from reactions of the indenyl radical with the methyl radical, following
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the pathway CoH7+CH3; - CoH;CH3 - CoHsCH, = CioHs. Indene is mainly formed from the reaction of
benzene/phenyl with the C3 intermediates, mainly the propargyl radical.

As mentioned above, these mechanisms are responsible for BIN1 formation from the three fuels, with
different relative importance based on the specific fuel chemistry. In particular, the enhanced production
of BIN1B from styrene is due to the pathway starting with the phenylacetylene reaction with the phenyl
radical to form first diphenylacetylene, and then phenanthrene through isomerization. The subsequent
HACA steps to the BIN species are quite relevant compared to the ethylbenzene and the toluene cases.
Thus, the future model developments will need to address the question if the latter pathway is
overestimated or if other pathways from toluene and ethylbenzene needs to be added/enhanced. The
behavior of ethylbenzene pyrolysis compared to toluene will have also to be analyzed in detail to match
the experimental findings.
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6 Conclusions

Our fundamental understanding on the complex chemical and physical processes involved in soot
formation and growth needs to be refined in order to develop predictive chemical kinetic models that can
be used for the design of next-generation combustion devices. Recent efforts have focused the attention
on improving the conventional experimental techniques to allow the measurement of soot precursor
molecules, the so-called polycyclic aromatic hydrocarbon (PAH), and to evaluate the solid-phase
chemistry. However, the conventional techniques present some limitations that can be overcome only by
developing innovative solutions based on up-to-date diagnostics.

This thesis work used three shock tubes of different scales coupled to both laboratory-based and
synchrotron-based techniques, to experimentally investigate PAH and soot particle chemistry from key
real and surrogate fuel components and intermediates. In particular, a fully functional, new miniature
high repetition rate shock tube (ICARE-HRRST) is here presented for the first time. The ICARE-HRRST was
developed based on previous design by Tranter and Lynch (ANL-HRRST) in order to access double imaging
photoelectron/photoion coincidence spectroscopy (i?PEPICO) detectors located in different European
synchrotron facilities (SOLEIL and SLS). Its design and operation were discussed in detail together with the
characterization of its performances. In particular, the miniature shock tube, characterized by an internal
diameter of 8 mm, is built in a modular fashion that allows length variation from ~84 cm. The test gas and
product gases are loaded/evacuated to/from the driven section of the shock tube by means of five custom
made pneumatic valves (one to fill and four to evacuate) which are key components of the system. The
fill valve used to introduce the mixtures is equipped with two reservoirs to ensure that pressure P; is
nearly constant during continuous operation. The two reservoirs are connected to a 6 L tank that is
automatically filled with new mixture when needed. The fresh mixture is prepared with the use of three
mass flow controllers and a bubbling system. The shock tube is equipped with 8 pressure transducers
equally spaced and located along the driven section axis in order to measure time passage of the shock
wave, while velocity is extrapolated to the end wall in order to compute Ts and Ps by solving the
conservation equations. The shock tube can be equipped at the end wall either with a PCB pressure
transducer to measure pressure time-histories or with a stainless-steel divergent nozzle coupling by
molecular beam sampling to synchrotron detectors. The automatic operation of the HRRST is guaranteed
by a LabVIEW software which also manages the data acquisition. The ICARE-HRRST can operate at rates
up to around 1.5 Hertz.

The performances of the HRRST system were characterized with pressure time history measurements by
a PCB transducer located at the end-wall. The results highlighted how larger dP/dt’s (due to boundary
layer growth behind reflected shock waves) compared to conventional systems are present in the mini
shock tube experiments which is the main drawback of the size reduction. This is not detrimental for the
quality of the results as pressure time-histories can be accounted for during the kinetic simulations. The
laboratory experiments demonstrated excellent reproducibility of the experimental conditions, nor only
for the temperature Ts and pressure Ps, with standard deviations usually less than 20 K and 0.15 bar,
respectively, but also for the pressure histories. This is an essential for the subsequent signal averaging
required when using low S/N ratio diagnostics as the synchrotron ones.
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The coupling between the HRRST with i2PEPICO detectors at SOLEIL and PSI has been carried out with
success, although experimental results of PSI campaign were only preliminary and they are not presented
in this thesis. The mechanical alignment between the HRRST and the SAPHIRS end station located in the
branch A of VUV monochromator DESIRS beamline at SOLEIL synchrotron was one of the main challenges
together with the HRRST safe operations inside the vacuum chamber. A differential vacuum chamber
separated the main chamber, where the HRRST is inserted, and the DELICIOUS Il i2PEPICO mass
spectrometer vacuum chamber for efficient products extraction reducing risk of damaging the mass
spectrometer instruments. The optimization of the experimental technique was obtained empirically,
including selection of the best nozzle and skimmers models as well as the distance between them, for safe
pressure levels inside the mass spectrometer chamber during HRRST operation and good quality
molecular beam with enough signal levels. The alighment between the HRRST nozzle and the SAPHIRS
skimmers was also refined with the design of a birdcage/clamp system and the use of high precision
aluminum rails for accurate insertion/extraction of the HRRST with reproducibility of the alignment. The
coupling between the ICARE-HRRST and the X04DB SLS/VUV beamline is also presented, including main
challenges and future developments.

The first experimental campaign at SOLEIL was focused on ethanol pyrolysis, the current main biofuel. In
general, four experimental conditions including more than 54 000 experiments were discussed
demonstrating several functionalities of the HRRST/i?PEPICO coupling in a wide range of conditions of
temperatures (1232 K- 1525 K), pressures (6.2 bar-7.5 bar), fuel concentrations (0.25%-2.7%), repetition
rates (1Hz-1.5Hz), and photon energies (10.0 eV-11.0 eV). The spectral data was recorded by using pulsed
data acquisition mode at pre-shock and post-shock conditions. Simulations performed with CRECK
chemical kinetic model helped the interpretation of the experimental results showing the great potential
of this technique for the kinetic study of complex mixtures of isomeric gaseous species. For each
experimental dataset, ion/electron time of flight matrices and mass-selected photoelectron images could
be obtained, which allowed the extraction of mass spectra, time kinetic profiles, and, additionally, mass-
selected photoelectron spectra (PES), unique feature for isomeric species identification.

Nevertheless, two challenges were identified in order to improve the experimental capabilities. First, the
need to obtain quantitative datasets of temporal species profiles was highlighted in the first campaign at
SOLEIL, despite the value of the qualitative information. Specifically, the quantitative measurements must
take into consideration the pressure variations inside the mass spectrometer chamber in order to correct
the signal from the dynamic behavior of the shock tube. The other problem concerns the limited PES signal
levels in the pulsed data acquisition mode, even with optimized alignment. This limitation makes difficult
the identification of several isomers, especially for minor species like PAHs.

In order to overcome these limitations, new solutions were implemented in the following campaign at
SOLEIL focused on toluene, ethylbenzene and styrene pyrolysis. More than 300 000 HRRST experiments
were realized in this campaign at average temperature of ~1350 K, pressure of ~6.6 bar and two photon
energies: 10 eV using the pulsed acquisition mode, obtaining kinetic profiles including for the fuel
molecule and main products, and 8.5 eV with the continuous mode, focused on the identification of the
PAH molecules. First, an external calibration technique to solve the problematic of pressure fluctuations
inside the mass spectrometer chamber was developed allowing the conversion of the raw data into
concentration profiles. The method utilizes CO; as an external standard gas to correct for initial pressure
rise in the mass spectrometer due to the inherent dynamic behavior of the HRRSTs and the following
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pressure-time history non-idealities. The validity of the method was evaluated based on experiments for
the thermal decomposition of toluene and ethylbenzene. The corrected profiles for fuels and main
products resulted in excellent agreement with simulations obtained employing the most updated version
of the ICARE PAH model, demonstrating the reliability of the procedure. The external standard method is
a versatile technique to obtain kinetic information from HRRST/TOF-MS experiments conducted at
synchrotrons, including the HRRST/i?PEPICO coupling.

In addition, the above mentioned continuous data acquisition mode of the i?PEPICO detector was
employed and exploited in order to obtain higher signal levels. This mode does not allow for extracting
kinetic information because the information is acquired continuously without a reference to the shock
wave arrival. However, well defined mass spectra and sharper PESs were obtained for large PAHs allowing
the isomer identification which could not have been obtained without i?PEPICO.

The mass-selected identification of a large number of polycyclic aromatic hydrocarbon compounds
produced from toluene pyrolytic decomposition using the HRRST/i?PEPICO configuration was presented
and compared to experimental results previously reported using the ICARE single pulse shock tube
coupled to GC/GC-MS. This was possible thanks to the development of a new analytical methodology that
implements ab-initio quantum chemistry calculations on the detailed spectral characteristics of possible
isomers. Based on the results and the current kinetic knowledge, several common pathways were
identified, including the HACA route, the addition of resonantly stabilized radicals (CsHs, C;H7), addition of
the phenyl radical and cyclization, methylation, and diacetylene addition to aromatic radicals. In addition,
the detection of large PAH products up to m/z 426 was possible, providing qualitative information on the
growth to the large soot precursors. The information constitutes a substantial progress for the
understanding of the first gas-phase steps of soot formation chemistry, complementing the data obtained
with conventional laboratory-based techniques in terms of isomer identification and detection of large
molecules. These new results also illustrate the capabilities of such innovative experimental technique
that cannot be achieved with regular analytical studies in the laboratory.

This exhaustive study using the ICARE-HRRST/i?PEPICO technique was extended to other important soot
intermediate molecules and fuel components. Specifically, the results of the pyrolytic decomposition from
ethylbenzene (CsHio) and styrene (CsHs) were compared with respect to the toluene data in order to
highlight the influence of the fuel structure on the PAH growth. These novel results complement the
experimental databases available in the literature from laboratory-based conventional techniques, for
improved understanding of the complex chemistry from alkylated hydrocarbons and styrene pyrolysis and
the validation of detailed chemical kinetic models for soot precursor chemistry.

Moreover, a comparative study between the synchrotron-based shock tube techniques and the
conventional laboratory-based shock tube techniques was realized in the frame of this thesis in order to
highlight the complementarity of the different set-ups. Specifically, the first pyrolytic study on styrene
decomposition using the ICARE single pulse shock tube coupled to GC/GC-MS was presented together with
preliminary model simulations for products up to four rings (species profiles). It was illustrated how the
information obtained using the HRRST coupled to i’PEPICO detector can complement and confirm the
results obtained with well-stablished conventional techniques, but still giving more insight in the
formation chemistry of large PAH species. The results constitute one important contribution to the field
of soot chemistry because of the important role that styrene plays on the formation of PAHs from typical
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real and surrogate fuels. Additionally, these new data, together with the results on toluene and
ethylbenzene from the literature, provide the benchmark for model validation, as well as a reference for
comparison with the HRRST results. Finally, shock tube/laser extinction time-history data from
ethylbenzene and styrene pyrolysis are compared to previous toluene data, serving together with PAH
data to clarify the main mechanisms related to soot formation from these fuels, for future chemical kinetic
model developments, part of the ongoing activities of the ICARE group.
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Appendix

A 1. [sometric views of part of the facility showing the two plate P1 and P2 assembled for
removal of the shock tube from SAPHIRS (left) and configuration with only P1 as during
experiments (right).

Plate P1

Plate P2

Slab for alignment

Slot on P1
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A 2. 2.7% ethanol in argon, Tsavg = 1232 K, Ps,avg = 7.4 bar, photon energy = 11.0 eV
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A 3. 2.7% ethanol in argon, Ts,avg = 1234 K, Ps vy = 7.5 bar, photon energy = 10.0 eV
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A 4.2.7% ethanol in argon, Ts,avg = 1525 K, Psavg = 7.5 bar, photon energy = 10.0 eV
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A 6. List of photoionization cross section used in this work

PICS Photon

(Mb) energy (eV) Reference
benzene 23.42 10.0 Rennie et al. [264]
toluene 26.17 10.0 Zhou et al. [263]
phenylacetylene  52.40 10.0 Zhou et al. [263]
styrene 32.08 10.0 Zhou et al. [263]
ethylbenzene 25.85 10.0 Zhou et al. [263]
indene 40.58 10.0 Zhou et al. [263]
naphthalene 39.81 10.0 Estimated. [265]
CO2 13.72 14.5 Hitchcock et al. [266]

A 7. Nomenclature and structure for species involved in the mass-selected isomer identification

m/z Formula

Name

Structure
52  C4H4 Cyclobutadiene IZI
52  C4Ha Vinylacetylene /\
52 CsH4 1,2,3-Butatriene —
54  C4Hs Methylene Cyclo Propane D:
54 CqHs 1,2 Butadiene /\
54  C4Hs Bicyclo Butane A/
54  C4Hs Cyclobutene ||
54 CHs 1,3 Butadiene N
54 CsHs 2-Butyne
64 CsH, 1,3-Pentadiyne

1,3,5-Hexatriyne W

74 CeH; Z \Z

“Triacetylene”
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78 CsHs Benzene @
—
78  CeHe Fulvene
S
—
90 CsHe Fulvenallene ———a
=
92 (GiHg Toluene @—
CsHs, —
102 Phenylacetylene —
CeHsCyH
102 CgHs Benzocyclobutadiene O |
102 CgHe 2,4,6-octatriyne e ———
C8H8;
104 Styrene \
CeHsCaHs
104 CgHs Benzocyclobutane @:l
104 p-CgHs p-Xylylene {F
104 0-CgHg o-Xylylene @
CgH1o,
106 Ethylbenzene
CeHsCyHs
106  0-CgHio o-Xylene \©
106 m-CgHao m-Xylene /@
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106 p-CgHio p-Xylene —©—
116  CoHs Indene
116 CoHs p-methylphenylacetylene z:) —
116 CoHs Phenylpropadiene \ \
116 CoHg 1-propynylbenzene (1- —
Phenyl-1-propyne)
Propargylbenzene
116 CoHs \
126  CioHs 1,2-Diethynylbenzene %
126  CioHs 1,4-Diethynylbenzene = ——]
126  CioHs 1,3-Diethynylbenzene >:
phenyldiacetylene (1,3- —_—
126 CyoH 1
rorie Butadiyn-1-ylbenzene)
126 CioHs 1,2-Didehydronaphthalene
=
126 CioHs 2,3-Didehydronaphthalene |
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i

126 CioHs 1,3-Didehydronaphthalene
~C
128 CyoHs Naphthalene
CioHs, —
128 3-buten-1-ynylbenzene — \
CeHsCCCHCH;,
CioHs,
128 4-Phenylbut-3-ene-1-yne \
Ce¢HsCHCHCCH —
128 CioHs 1H-Indene-1-methylene
128 CioHs 2-Ethynylstyrene
128 CioHs m-Ethynylstyrene -
128 CioHs 4-Ethynylstyrene \\—Q{
128 Clng Azulene @
130 CioHuwo 1,2-Dihydronaphthalene
130 CioH1o 1-Methylindene
1H-
00

cyclopropal[a]lnaphthalene
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1H-
140 CyH @
Hre cyclopropa[b]naphthalene @
140 CiHs 1-ethynyl-1H-indene © '
140 CiHs 2-ethynyl-1H-indene Q ——
140 CyiHs 3-ethynyl-1H-indene @‘
140 CyiHs 4-ethynyl-1H-indene :
140 CyiHs 5-ethynyl-1H-indene OQ
Z
N
140 CiiHs 6-ethynyl-1H-indene OQ
140 CiHs 7-ethynyl-1H-indene O !
1-(buta-1,3-diyn-1-yl)-2-
140  CuHs (buta-1,3-diyn-1-yl)
methylbenzene
1-(buta-1,3-diyn-1-yl)-3-
140 CyHs (buta-1,3-diyn-1-yl)

methylbenzene
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benzene, 1-(1,3-

140 CuHe butadiynyl)-4-methyl- -
P
1-ethynyl-2 Z
- n - -
140 CuHs enyny X
propadienylbenzene
1-ethynyl-3-
140 CuHs yny
propadienylbenzene
Y 4
1-ethynyl-4- N
140 Ci1Hs € yd.yn Ibenzene N
propadienylbenz =
1-ethynyl-2-(prop-1-yn-1-
140 CuHa ynyl-2-(prop-1-y
yl)benzene —_
1-ethynyl-3-prop-1- \
140 CuHs ynyr-prop
ynylbenzene —
1-Ethynyl-2-prop-2- | |
140 CyHs ynylbenzene
x>
V4
1-Ethynyl-3-prop-2-
140 CuHs ynyrS-prop
ynylbenzene
Y 4
1-Ethynyl-4-prop-2-
140 CyHs ynylbenzene P \\
=
1-ethynyl-4-prop-1- —_—
140 CiiHs ynyl=-prop = —

ynylbenzene
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1,2-diethynyl-4-

140 CyHs A
methylbenzene
140 CiiHs CH#HCC=C=Cclcccccl @\///\\
N
140 CiiHs CH#HCC(=C=C)clcccccl ©J\
5-Phenyl-1,3-pentadiyne %
140 CyHg S
N
(Penta-3,4-dien-1-yn-1- S
140 CiHs yl)benzene \\
(Penta-3,4-dien-1-yn-1- _
140 CyHs yl)benzene \
X Z
140 CiiHs Penta-1,4-diyn-3-ylbenzene
142 CuHio 1-Methylnaphthalene
142 CiHio 2-Methylnaphthalene
)
152 Acenaphthylene
AC12Hs
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@)
O

152 CyuHs 2-Ethynylnaphthalene
Y 4
Ci2oHs,
152 Biphenylene O O
CeH4CsHa4
QO
152 1-Ethynylnaphthalene
CioH,CH ”
152 CiHs Cyclopenta[a]indene OQQ
154  Cp2Hio Biphenyl ‘\‘
154  CiHio Acenaphthene
154  CizHio 1-Vinylnaphthalene ©©
G
154 CizHio 2-Vinylnaphthalene
=
154  CizHio Benzobarrelene @ /
156 CypHa Naphthalene, 1,8-dimethyl-
1,4-E
156  CuHu ,4-Ethanonaphthalene, @

1,4-dihydro-
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1,4-Methanonaphthalene,

156 CpH (‘]
12 1,4-dihydro-6-methyl- ©
156 CizoHiz Naphthalene, 2-ethyl-
Ci3Huo, .
166 fluorene @ @
FCizH1o
166 CisHio 3H-benz[e]indene i
Ci3Hio, @
166 1-(1-naphthyl)-1-propyne
1-C30H7CCCH;3 @ =
Ci3Hio, %
166 2-propynyl naphthalene
2-C10H7CCCH3
Ci3Hao, ‘
166 1H-phenalene
00
_orop-2-ynyl- X
166  CisHao, 2-prop-2-ynyl-naphthalene
=
166  CizHio, 1-prop-2-ynyl-naphthalene : :
Ci3H1o,
166 1h-benz[flindene
C10H,CYC5-2
1H-Benz[elindene ‘
166 CisHio ©©
CizHio,
168 2-Methylbiphenyl @ @
CeHsCeHaCH3
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168 CisHi 3-Methylbiphenyl
168 CisHi 4-Methylbipheny!
168 CizHiz Diphenylmethane
176  CuHs 1-Ethynylacenaphthylene

(N A
176  CuHs 3-Ethynylacenaphthylene @@
176 CigHs 4-Ethynylacenaphthylene @@

A\
176 CuHs 5-Ethynylacenaphthylene @@
176  CusHs 1,2-Diethynylnaphthalene 4 : :
176  CusHs 1,3-Diethynylnaphthalene ©©
Y 4
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176 CusHsg 1,4-Diethynylnaphthalene 8
176 CusHs 1,5-Diethynylnaphthalene 8

X
176 CisHs 1,6-Diethynylnaphthalene @@
176 CuHs 1,7-Diethynylnaphthalene 4 : :
176 CusHs 1,8-Diethynylnaphthalene : :

X
176 CusHs 2,3-Diethynylnaphthalene @@

Y 4

A
176 CuHs 2,6-Diethynylnaphthalene @@

A

176  CisHs 2,7-Diethynylnaphthalene ©©

& x>

1-(1,3-

176 CuHs (

Butadiynyl)naphthalene
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\

176 Cu 2-Buta-1,3- Y 4
e diynylnaphthalene ©©
176  CigHsg Pyracyclene %}.]
Cycl hthyl @
176 CuHg yclopenta[bc]acenaphthy
o9
178 ACisHyo Anthracene
1-
178 CigHio methylidenecyclopenta[a]n ‘
aphthalene ©©
178 CigHio Phenanthrene ©©©
C14H1o, —_—
178 Diphenylacetylene -
CeHsCCCeHs
C14H10; .@
178 9H-Fluorene, 9-methylene
C13HCH; @
: C
178 CigHio methylidenecyclopenta[a]n
aphthalene
3-
methylidenecyclopenta[b]n Q
178 C14H10

aphthalene
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o

180 CisHiz 9-Methylfluorene ©
CusH1a, @
180 (E)-Stilbene \ @
CeHsCyH2CeHs
e
180 CisH1z (Z)-Stilbene ©
180 CigHiz 1-Methyl-1H-phenalene @6@
180 CuH 3-Methyl-3H- ©
2 cyclopenta[a]naphthalene C@
180 CuH 3-Methyl-3H-
2 cyclopenta[b]naphthalene @@Q
CusH1a, @
180 1,1-Diphenylethylene
CsHsC(CHz)CeHs @
180 CigH1z 1,8-Diethenylnaphthalene ©©
F A
1-Methyl-1H- @
180 CyuH
2 cyclopenta[a]naphthalene s@
182 CisHia 3,3'-Dimethylbiphenyl U/@
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182 CisHia 2,2'-Dimethylbiphenyl
182 CisHua 1,1'—Biphenyl, 2—ethy|—
CisH1o, ©
202  FCieH1o Fluoranthene @.@
CisH1o, —_
202 Diphenyldiacetylene - -
CeHsCaCeHs
202 Pyrene @ @
PCisH10 @
202  CieHao Phenanthrylacetylen O
202 CyeHio 2-Ethynylphenanthrene ©O
Y
s O
202 CyeHio 3-Ethynylphenanthrene ©Q
202 CyeHio 4-Ethynylphenanthrene : !
202  CieHio 9-Ethynylphenanthrene = '
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502 CucH Benzene, 1-ethynyl-2- //
terio (phenylethynyl) @ — @
\
202 CucH Benzene, 1-ethynyl-3- \
terio (phenylethynyl) @ — @
202 CucH Benzene, 1-ethynyl-4- __ @ — @
1o (phenylethynyl)
202 CieHio 1-Ethynylanthracene : : :
Y
202 CyeHao 2-Ethynylanthracene @@@
202 CyeHio 9-Ethynylanthracene : : :
202 CyeHio Acephenanthrylene $©©©
202 CyeH &> : @
16M10 Vinylidenephenanthrene '@
202 C16H10 Aceanthrylene ©©©
CigHio
226 1-ethynylpyrene
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deca-1,5-diyne

CisHio @.@
226 benzo(ghi)fluoranthene ©©
228 CigHi Crysene @@@@
228 CisHin 1,2-Benz[a]anthracene @ :
228 CigHi Triphenylene .
228 CisHiz Naphthacene ©©©©
: O—=Q
228 CisHuw (Phenylethynyl)naphthalen
: ©
230 p-CigHis p-Terphenyl @ @ @
230 o0-CigHus o-Terphenyl
230 m- CygH1a m-Terphenyl :
Naphtho[1,8',8:c,d]cycl = @
230 CigHie aphtho[ ¢,d]cycloun
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