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Résumé

En faisant progresser la chimie hote-invité (H-G), des efforts importants ont été déployés
pour synthétiser des molécules hotes avec des caractéristiques de reconnaissance
moléculaire spécifiques et bien définies, y compris de sélectivité et d’affinité ajustable. Une
étape importante dans le processus est la caractérisation des forces de liaison des complexes
H-G. Cette caractérisation est typiquement réalisée en solution en utilisant la RMN ou la
fluorescence. L'étude en phase gazeuse de l'énergétique des systemes H-G est trés
importante pour fournir des informations concernant leurs propriétés intrinseques de

liaison.

La majeure partie de cette thése est consacrée a I'étude de I'énergétique des complexes H-G
formés par trois hotes en cage d'hémicryptophane avec diverses molécules invitées
biologiqguement pertinentes. Parmi les techniques basées sur la spectrométrie de masse en
tandem, nous utilisons ici la dissociation radiative infrarouge de corps noir (BIRD), la
dissociation induite par collision basse énergie (CID a basse énergie), la dissociation de
collision de plus haute énergie (HCD) et la CID haute pression pour les mesures énergétiques
des complexes HG. Ces techniques ont été utilisées soit seules, soit en combinaison les unes
avec les autres, soit avec la modélisation Rice-Ramsperger-Kassel-Marcus (RRKM). Ce travail
nous a permis de développer la CID a basse énergie, technique prometteuse mais jusqu’a

présent peu employée.

En plus des études de chimie H-G, nous avons comparé I'énergie de dissociation de la B-
cyclodextrine lithiée et du maltoheptaose lithiée a I'aide de la CID basse énergie. Ces deux
espéeces sont relativement similaires a I'exception du fait que la premiére est cyclique et la
seconde est un oligosaccharide linéaire. Enfin, nous avons utilisé les propriétés des
différentes techniques de CID a basse énergie, de CID et du HCD pour I'analyse structurale
des sucres, et aussi pour explorer le mécanisme de dissolution des oligosaccharides dans

N,N-diméthylacétamide/chlorure de lithium (DMAc/LICl).

Mots-clés: BIRD, CID a basse énergie, modélisation RRKM, CID, HCD, chimie hote-invité,

caractérisation structurale des oligosaccharides, DMAc/LiCl



Summary

Subject: Tandem mass spectrometry for investigation of binding energies of host-guest

complexes and structural elucidation of oligosaccharides

In advancing host-guest (H-G) chemistry, considerable effort has been spent to synthesize
host molecules with specific and well-defined molecular recognition characteristics including
selectivity and adjustable affinity. An important step in the process is the characterization of
binding strengths of the H-G complexes. This characterization is typically performed in
solution using NMR or fluorescence. Gas-phase investigation of energetics of H-G systems is

of great importance in providing information regarding their intrinsic binding properties.

The major portion of this thesis is devoted to the study of the energetics of H-G complexes
formed by three hemicryptophane cage hosts with various biologically-relevant guest
molecules. Among the existing tandem mass spectrometry-based techniques, here we
employ blackbody infrared radiative dissociation (BIRD), low-energy collision induced
dissociation (low-energy CID), higher-energy collision dissociation (HCD) and high-pressure
CID for measurements of energetics of H-G complexes. These techniques were used either
alone, or in combination with each other, or with Rice—Ramsperger—Kassel-Marcus (RRKM)
modeling. This work has allowed us to develop the low-energy CID, a promising technique,

but so far infrequently used.

In addition to the H-G chemistry studies, a comparative investigation of dissociation
energetics of lithiated B-cyclodextrin and lithiated maltoheptaose which are relatively similar
to each other except that the former is a cyclic and the latter is a linear oligosaccharide, were
performed using low-energy CID. Finally, the capabilities of low-energy CID, CID and HCD for
structural analysis of carbohydrates, and also for exploring the dissolution mechanism of

oligosaccharides in N,N-dimethylacetamide/lithium chloride (DMAc/LiCl) were investigated.

Keywords: BIRD, low-energy CID, RRKM modeling, CID, HCD, host-guest chemistry, structural

characterization of oligosaccharides, DMAc/LiCl
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Chimie hote-invité

La chimie supramoléculaire est définie comme la chimie des liaisons non-covalentes,’ ce qui
concerne des structures artificielles telles que des récepteurs, des capteurs, des complexes
d'inclusion, etc., dont les blocs de construction sont maintenus ensemble en utilisant des
interactions non covalentes. La portée de la chimie supramoléculaire n'est pas définie avec
précision, et elle peut inclure une large gamme de liaisons non-covalentes provenant
d'interactions trés faibles de Van-der-Waals jusqu'a des liaisons de coordination métalliques
trés fortes. La comparaison du systéme supramoléculaire avec les molécules améliore notre
compréhension a leur égard. Dans la chimie supramoléculaire, |'accent est mis sur un
systéme dans son ensemble, dans lequel les interactions entre les blocs moléculaires sont
étudiées, alors que dans le systeme moléculaire, I'accent est mis sur une molécule, ou la
connectivité entre les atomes doit étre considérée. Dans un systéeme supramoléculaire, les
interactions entre les blocs sont réversibles et fortement dépendantes de I'environnement.
Par contre, dans une molécule, les interactions entre les atomes sont irréversibles et

indépendantes de I'environnement.’

La chimie hoéte-invité (Host-Guest, H-G) est une subdivision de la chimie supramoléculaire qui
implique I'établissement de multiples liaisons non covalentes entre une molécule organique
grande et concave géométriquement (I'h6te) et une molécule ou ion organique ou
inorganique plus simple (l'invité) Figure 1. Diverses interactions non covalentes sont
impliquées : liaisons hydrogene, interactions cation-m, interactions polaire-m, interactions
CH-m, interactions CH-1t aromatique, interactions m-m, attractions électrostatiques des paires
d'ions, et coordination métallique peuvent étre impliquées. Ces interactions mentionnées
sont différentes les unes des autres non seulement du point de vue de leur force, mais aussi
de leur orientation. Par exemple, alors que pour la liaison hydrogéne mais également pour la
coordination métallique, une disposition géométrique correcte du donneur et de |'accepteur
(ou ligand et métal, respectivement) est d'une grande importance, pour les forces

électrostatiques, la distance entre centres de charge est importante.
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onvergent binding sites

Divergent binding sites

Figure 1- Complexe H-G entre un héte avec des sites de liaison concaves et un invité ayant une
géométrie appropriée et des sites de liaison convexes.

Diverses techniques analytiques ont été utilisées pour I'analyse et la caractérisation des
complexes H-G. Parmi les plus courantes citons, la cristallographie aux rayons X, la
spectroscopie de résonance magnétique nucléaire et la spectroscopie UV-visible. En
développant des techniques d'ionisation douces telles que ionisation par eléctronébulisation
ou électrospray (ESI)*™ et la désorption/ionisation laser assistée par matrice (MALDI),*’ la
spectrométrie de masse (Figure 2) est devenue un outil analytique important pour les études
H-G. Les études en phase gazeuse des complexes « hote-invité » peuvent fournir des
informations utiles qui sont soit difficiles a obtenir en utilisant d'autres techniques, soit
complémentaires 3 celles-ci.® En utilisant la spectrométrie de masse, on peut obtenir des
informations sur le poids moléculaire, la composition élémentaire et I'état de charge des
complexes non-covalents. Des conditions sans environnement dans le vide poussé d'un
spectrometre de masse peuvent étre exploitées pour étudier les propriétés intrinseques de
I'interaction H-G. Par la conception systématique de systemes modeles, la contribution de
divers types d'interactions dans I'énergie de liaison finale peut étre mesurée. De plus, la
comparaison des résultats en phase gazeuse avec ceux de la solution peut étre utilisée pour
étudier I'influence du solvant et du contre-ion en |'absence de phénomene d'échange rapide.
En outre, les quantités thermodynamiques et cinétiques des systemes supramoléculaires en

plus du mécanisme des différentes voies de dissociation peuvent étre déterminées en
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utilisant la spectrométrie de masse. Enfin, grace a I'absence d'environnement des ions dans
le spectrometre de masse, contrairement aux données de la phase de condensation, les
résultats obtenus a l'aide de cette technique peuvent étre directement comparés aux

résultats de la chimie théoriques.®

Data

Source || = | Analyzer | = | Detector
System

Vacuum Pumps

Gas phase ions ‘ ‘ Ton sorting ‘ ‘ Ion detection ‘ .

Mass Spectrum

Figure 2- Un schéma général d'un spectrométre de masse.

Hémicryptophanes

Les « conteneurs moléculaires », définis comme des structures contenant une cavité

9-11

tridimensionnelle, ont diverses applications dans la reconnaissance moléculaire, la

. . AT 12-14 15-17 . . 18-2 . D
livraison de médicaments, la catalyse,™ ™ les capteurs biologiques,'®* % les dispositifs de

21,22

piégeage etc. Jusqu'a présent, une large variété de cages a été introduite et utilisée

23,24

, . , 2
comme contenants moléculaires tels que les éthers couronnes., cryptands,®

25,26 27,28 29,30 31,32 33,34

calixarenes, résorcinarenes, cucurbiturils, cyclodextrines, pillararenes,

35,36 37,38

cryptophanes et les hémicryptophanes. Parmi les cavités mentionnées ci-dessus, les
cryptophanes et les hémicryptophanes sont basés sur un groupe cyclotribenzyléene qui, la

plupart du temps, est un dérivé du cyclotrivatryleéne (CTV) unité (X = Y = -OCHjs) (Figure 3).

Les cryptophanes sont constitués de deux unités CTV qui sont connectées entre elles a I'aide

de trois ponts ou molécules liantes (linkers), créant ainsi un creux 3D pouvant accueillir

diverses molécules comme le méthane, les époxydes, les cations, les anions, etc.>’*°
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(a) (b)
TS
\ O o/o o\
TS,
Y Y X X / I O\
o O ° o

cyclotribenzylene o Q @ O

CTV: X=Y = OCHj;4

cryptophane-E

Figure 3- (a) Cyclotribenzyléne et cyclotriveratryléne (CTV, X = Y = OCH;) et (b) Cryptophane-E.>’

La structure des hémicryptophanes est similaire a celle des cryptophanes mais, dans le cas,
I'un des bouchons CTV est remplacé par un groupe organique Cz-symétrique. En fonction de
leurs structures, les hémicryptophanes sont capables d'encapsuler différents invités, tels que
des paires d'ions, des zwitterions, des ammoniums, des hydrates de carbone etc. En tant que
récepteurs moléculaires, les hémicryptophanes présentent certains avantages 1) La présence
du bouchon CTV donne la rigidité requise a la cavité afin d'avoir une meilleure liaison de
I'invité. En outre, la taille du conteneur peut étre facilement ajustée en changeant le type de
molécules liantes (ou linkers) 2) Le groupe organique Cs3-symétrique au fond de la cage peut
étre modifié facilement afin de concevoir différentes architectures d'h6tes homoditopique
et hétéroditopique pour I'encapsulation d'invités spéciaux comme des cations, des anions ou
des molécules. 3) La détection de la complexation hote- invité peut étre facilement réalisée
en incorporant des groupes de signalisation, par exemple des fluorophores, dans la structure
de la cage, soit dans la position des linkers, soit dans le nord ou le sud de I'hémicryprophane.
4) Grace a la chiralité de 'unité CTV, on s'attend a observer une capacité de reconnaissance

énantio-diastéréosélective.®

Jusqu'a présent, la chimie de I'hote-invité des hémicryprophanes a été étudiée a la fois en
phase solide et en solution. Dans la phase solide, des structures cristallines pour les
complexes d'inclusion de diverses cages d'hémicrypropane avec du toluéne,*® CH,Cl,,*
pentane,*! eau,* CHsCN,"** acétylcholine,” etc. en tant qu'invités ont été rapportées.

Cependant, la plupart des systemes H-G ont été explorés en solution. Les principales
5
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interactions que I'hémicryprophane peut avoir avec les hétes sont la liaison hydrogene et les
interactions cation-mt ou anion-mt dues a la présence d'une unité CTV qui fournit un
environnement aromatique sur la cage. En outre, comme il a été mentionné précédemment,

la chiralité de la coiffe CTV peut étre utilisée pour la reconnaissance énantiosélective.*®*’

Les Hemicryprophanes ont été largement utilisés pour la reconnaissance des invités

48,49

d'ammonium tels que les ammoniums primaires, neurotransmetteur choline,® invités

51,52

chiraux d'ammonium, acétylcholine, et les sels de chlorure d'ammonium.* Des

hémicryptophanes hétéroditopiques ont été utilisés pour la reconnaissance de paires

53-55 42,56-58

d'ions et zwitterions par complexation du c6té cationique des invités avec la
coiffe CTV en utilisant les interactions -C-H ... Tt et cation ... 7, et le c6té anionique de l'invité
avec le groupe sud de la cage. Les Hemicryprophanes sont également apparus comme des

59-62

récepteurs potentiels pour la reconnaissance des glucides et des fullerénes.®

En résumé, les hémicryptophanes sont des conteneurs moléculaires remarquables qui
peuvent accueillir une variété d'invités neutres ou chargés et chiraux ou achiraux. Grace a la
présence du bouchon CTV, ils bénéficient d'une cavité pré-organisée dont la taille et la forme
peuvent étre ajustées en variant le type de linkers. En outre, un groupe organique Cs-
symétrique au sud de la cage peut étre sélectionné de maniére a avoir une capacité de

reconnaissance hétéroditopique vis-a-vis des paires d'ions et des invités zwitterioniques.
Spectrométrie de masse en tandem

La spectrométrie de masse, au cours des dernieres décennies, est devenue une technique
importante qui a de nombreuses applications en chimie et en biologie. Initialement, les
spectrometres de masse étaient constitués d'un seul étage d'analyseur de masse et la
caractérisation structurelle des ions était basée sur la fragmentation des ions moléculaires
au cours de leur formation ou a l'intérieur de la source d'ionisation. Le développement de
techniques d'ionisation douces telles que [l'ionisation par électrospray et |la
désorption/ionisation laser assistée par matrice a aidé a produire des ions moléculaires
intacts, mais en méme temps, ces techniques ont minimisé la formation d'ions fragments

limitant ainsi I'élucidation structurelle d'ions en utilisant des spectromeétres de masse a un

6
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seul étage. Par conséquent, la spectrométrie de masse en tandem (MS/MS) est apparue

comme un outil crucial pour I'étude structurelle des molécules chimiques et biologiques.

La spectrométrie de masse en tandem est une technique qui implique la sélection d'un ion
particulier, a savoir l'ion précurseur, puis son activation, généralement par collision ou
absorption de photons, pour le dissocier et produire des ions fragments.®* La MS/MS peut
étre réalisée a différentes fins telles que la caractérisation structurale des ions ou la mesure
de propriétés intrinséques des ions telles que la mesure d’énergies de liaison ou la
combinaison des deux. Lorsque |'activation des ions est réalisée par des collisions simples ou
multiples avec un gaz neutre, la technique est appelée dissociation induite par collision (CID)
ou anciennement dissociation activée par collision (CAD), et lorsqu'un matériau solide est
utilisé pour l'activation ionique, la technique est appelée dissociation induite par collision sur
surface (SID). Lors des collisions, une partie de I'énergie cinétique de I'ion est convertie en

énergie interne pouvant conduire a la dissociation et formation d’ions fragments.

La MS/MS a d'abord été réalisée en tandem dans l'espace, ce qui implique d'agencer les
analyseurs comme les quadripbles, les secteurs, le temps de vol, puis d'effectuer
séquentiellement des analyses primaires et secondaires dans les analyseurs couplés.
L'instrument triple quadripéle, le spectromeétre de masse en tandem dans |'espace le plus
largement utilisé, est représenté sur la Figure 4. |l est constitué d'un premier quadripdle
fonctionnant a la fois avec des potentiels continus DC et alternatifs RF (requis pour la
sélection de masse), une cellule de collision fonctionnant uniquement avec la tension RF ou a
lieu l'activation et la dissociation des ions, et enfin un troisieme quadripole similaire au

premier utilisé pour I'analyse de masse des ions qui proviennent des étapes précédentes.

D’autres instruments en tandem ont été développés dans lesquels I'isolement et Ia
fragmentation des ions sont effectués consécutivement dans le méme espace. A partir de ce
type d'instrument, on peut citer les pieges ioniques quadripolaires et les spectrométres de

masse a résonance cyclotronique ionique (ICR).
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Figure 4- Spectrométre de masse quadripolaire triple comme exemple d'instrument tandem-dans-
I'espace (Quattro LC, Waters, Manchester, UK).

Ces instruments permettent la sélection des ions précurseurs d’intérét par éjection des
autres. Ensuite, ces ions isolés peuvent étre stockés, excités et dissociés pendant une
période de temps sélectionnée. La période de temps entre la formation des ions et leur
transmission au détecteur est généralement courte, et par conséquent, le taux de
dissociation doit étre suffisamment rapide pour permettre I'observation des ions fragments.
Parfois, la vitesse de dissociation est lente, et des fragments se forment au cours de leur
transmission, dans ce cas, les ions sont enregistrés comme des ions métastables. Dans le cas
des pieges a ions (cellule ICR et pieges a ions quadripolaires), le temps disponible pour la
dissociation des ions est plus long, et ils peuvent étre utilisés pour étudier les processus de

fragmentation lente.

Au cours de la fragmentation, divers phénomeénes tels que l'isomérisation et/ou le
réarrangement des ions précurseurs et la dissociation consécutive des ions fragments en
fragments plus petits peuvent se produire. Pour les molécules organiques complexes,
différents canaux réactionnels concurrents peuvent exister.®® Pour étudier de tels systemes,
il faut disposer d'informations précises sur le contenu énergétique interne de l'ion
précurseur et également sur la fenétre temporelle du spectromeétre de masse. La MS/MS
permet |'exploration des processus mentionnés ci-dessus et c'est pourquoi c'est un outil
puissant pour étudier la cinétique et les mécanismes de réactions de dissociation a l'intérieur

du spectrometre de masse.

Apres des décennies d'études dans le domaine de la spectrométrie de masse en tandem, le

CID est devenu une technique de routine essentielle dans tous les instruments disponibles
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dans le commerce. Au cours des expériences CID, initialement en appliquant un champ
électrique et/ou magnétique, I'énergie de translation des ions augmente. Ensuite, par des
collisions inélastiques avec un gaz neutre, une fraction de I'énergie cinétique de l'ion est
transférée dans ses modes internes. Cette énergie interne est répartie entre tous les degrés
de liberté de l'ion et les ions deviennent activés, ce qui entraine une fragmentation

ultérieure des ions précurseurs activés en fragments.

Pour expliquer le transfert de I'énergie cinétique en I'énergie interne, il est plus pratique
d'utiliser I'énergie dans le cadre du centre de masse (c.m.) plutét que de I'énergie dans le
laboratoire (laboratoire), car seule une partie de I'énergie laboratoire est transférée lors du
choc. Dans le cadre du laboratoire, les deux particules en collision (ions et neutres) sont
caractérisées par leur propre position et leur propre vitesse, mais dans le cadre de
comparaison, I'ensemble du systeme est considéré comme un tout dont le moment est
toujours nul. Par conséquent, |'énergie cinétiqgue maximale disponible qui peut étre

convertie en énergie interne est donnée par:

m
Ecm = <¢> Elap (1)

Mion + mgas

ou E. ., est I'énergie dans le cadre du centre de masse, Ej,, est I'énergie dans le cadre de
laboratoire, my,s dans la masse du gaz neutre, et mj,,, est celle de I'ion précurseur. D'aprés
I'équation 1, il est évident que la quantité d'énergie cinétique maximale transférable dans le
processus CID dépend de la masse des partenaires de la collision. Plus la masse du gaz cible
est grande, plus I'E.,, est élevée, ce qui signifie une conversion plus efficace de I'énergie
cinétique en énergie interne en utilisant des gaz cibles plus lourds. D'autre part, pour les ions
précurseurs plus grands (mj,, élevé), I'énergie du centre de masse est faible, ce qui signifie

moins d'énergie interne disponible pour la dissociation des gros ions.

Généralement, deux types de collisions existent : élastique et inélastique. Dans une collision
élastique, I'énergie interne de I'un ou l'autre des partenaires de collision ne changera pas.
Ceci n'est généralement vrai que lorsque les deux especes en collision sont des atomes et
que la collision n'est pas accompagnée d'un changement d'énergie électronique des

partenaires. Dans le procédé CID, I'un des partenaires de collision est habituellement un ion
9
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polyatomique, et le second est un gaz cible atomique ou diatomique. Dans cette situation,
les collisions s’accompagnent du changement d'énergie interne de l'espéece. Ce type de
collision est appelé collision inélastique. La quantité d'énergie cinétique qui est transférée en
I'énergie interne est appelée endothermicité de collision (g), qui est minimale pour la
collision élastique (g = 0), et maximale pour les collisions completement inélastiques. Dans

cette derniere condition, gmax est égal a I'énergie au centre de masse initiale.

Dans la technique CID, la fragmentation de I'ion précurseur peut se produire lorsque la
guantité d'énergie déposée sur l'ion est plus grande que son seuil (critique) d'énergie pour la
dissociation. Cependant, dans la plupart des cas, I'énergie déposée doit étre beaucoup plus
élevée que I'énergie du seuil afin d'observer la fragmentation. Cette énergie supplémentaire
est appelée déplacement cinétique et dépend de divers paramétres tels que I'énergie
critique nécessaire pour casser la liaison, l'entropie de I'état de transition, le temps

disponible pour la décomposition et la taille des ions.

Pour avoir une meilleure idée du déplacement cinétique, il sera expliqué pour une simple

réaction de dissociation de liaison comme suit:

E D
MSMYSFY+N 2

ou M est la molécule précurseur, M" est l'ion précurseur, F’ est I'ion fragment, N est le
fragment neutre, E; est I'énergie d'ionisation de I'ion précurseur et D est son énergie de
dissociation. Selon I'équation 2, I'énergie d'apparition de I'ion fragment (E,pp) est la somme
de I'énergie d'ionisation de M et de I'énergie de dissociation de M’. Par conséquent,

I'énergie de liaison ionique est donnée par:

D(F+_N):Eapp(F+)_EI(M) 3)

Dans les premieres études de |'énergétique de fragmentation ionique a l'intérieur du
spectrometre de masse, il a été observé que méme si un ion a suffisamment d'énergie pour
se dissocier, il peut ne pas avoir suffisamment de temps pour se décomposer dans la fenétre
temporelle disponible du spectrométre de masse. Ce probléme est plus prononcé pour les

molécules de grandes tailles possédant de nombreux degrés de liberté vibrationnels qui

10
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rendent leur dissociation encore plus lente. Dans cette condition, une quantité
supplémentaire d'énergie (déplacement cinétique) doit étre déposée sur l'ion pour voir la
fragmentation a un taux détectable, et par conséquent, I'équation 3 n'est plus valide. Par
conséquent, il faudra estimer ce déplacement cinétique afin de mesurer avec précision

I'énergie de dissociation de la liaison.

Le mécanisme de fragmentation dans le processus CID sera expliqué en détail au Chapitre 1.
lonisation par électronébulisation

Le développement de l'ionisation par électronébulisation (souvent appelée ionisation
électrospray ou ESI)*™ et de la désorption/ionisation laser assistée par matrice®’ (MALDI) a
initi¢ une profonde révolution dans le domaine de la spectrométrie de masse car ces
techniques d'ionisation douces ont permis d'étudier une grande variété de molécules
chimiques mais surtout biologiques. Avec la technique MALDI, les ions en phase gazeuse
sont formés en dirigeant une impulsion laser sur les analytes incorporés dans une matrice
solide. Avec la technique ESI, les ions en phase gazeuse sont directement formés a partir de
la solution en appliquant une haute tension. L'un des principaux avantages de I'ESI par
rapport au MALDI est la possibilité de le coupler avec la chromatographie liquide et
I'électrophorese capillaire, ce qui permet la séparation en ligne de mélanges complexes

avant l'analyse.

Les bases du fonctionnement de I'ESI sont les suivantes: la solution diluée d'analyte est
introduite avec un faible débit dans un capillaire métallique a I'aide d'une pompe a seringue.
Une tension électrique élevée est appliquée entre le capillaire métallique et I'entrée du
spectrometre de masse, généralement entre 2 et 5 kV. Cela conduit le liquide a la pointe du
capillaire a faire saillie et a former un cone de Taylor a partir duquel de petites gouttelettes
contenant une quantité excessive de charges sont émises (Figure 5). Ces gouttelettes se
déplacent vers I'entrée du spectrométre de masse et, en cours de route, produisent les ions
de l'analyte. Pour faciliter le processus de pulvérisation, un gaz de nébulisation est
habituellement introduit coaxialement a la solution d'échantillon. De plus, un gaz chauffé est

également utilisé pour aider a la désolvatation des gouttelettes chargées.

11
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Figure 5- Schéma général d'une source d'ionisation par électronébulisation fonctionnant en mode ions
positifs (TDC: courant total de gouttelettes).®®

En travaillant en mode ions positifs, les gouttelettes contiennent principalement un grand
nombre de protons qui peuvent étre générés a l'intérieur du capillaire métallique (qui agit
comme une cellule électrochimique) par exemple par oxydation de I'eau. En plus du proton,
I'ion ammonium et les métaux alcalins (principalement Na*) sont d'autres ions qui peuvent
exister a l'intérieur des gouttelettes chargées. En mode ions négatifs, la principale source
d'ions en exces est la réduction électrochimique. Alors que les gouttelettes volent du cone
de Taylor vers l'entrée du spectrometre de masse, leur volume diminue en raison de
I'évaporation du solvant, mais leur charge reste constante. En conséquence, leur densité de
charges augmente jusqu'a l'arrivée de la limite dite de Rayleigh dans laquelle la tension
superficielle est équilibrée avec la répulsion coulombienne. A cette limite, la charge

moyenne sur chaque gouttelette, Qgayleigh €5t donnée par:

3
QRayleigh = 8nR /2\/ Yéo (4)
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ou R est le rayon de la gouttelette, y est la tension de surface et g est la permittivité du vide.
Dans la limite de Rayleigh, les gouttelettes deviennent instables et subissent une fission pour
produire des gouttelettes descendantes plus petites. Ce processus d'évaporation/fission du
solvant sera répété pour produire les ions d'analyte qui seront analysés par le spectromeétre

de masse.

Trois mécanismes différents ont été proposés pour la production d'ions a partir des
gouttelettes chargées: le modéle d'évaporation ionique (IEM), le modéle de résidu chargé
(CRM) et le modele d'éjection de chaine (CEM). Mais avant d'entrer plus en détail dans les
mécanismes, il faut d'abord répondre a cette question: ou est la position des charges sur les
gouttelettes? En fait, dans tous les mécanismes mentionnés ci-dessus pour I'ESI dont il sera
guestion plus loin, on considere que les ions sont situés a la surface des gouttelettes en se
basant sur la loi de Gauss.®” Cependant, ceci n'est pas conforme a la tendance des ions tels
gue les cations de métaux alcalins pour la solvatation. Konermann et ses collaborateurs ont
tenté d'expliquer cette incohérence en effectuant des simulations de dynamique moléculaire

(MD) sur des nano-gouttelettes d'eau contenant du Na* prés de la limite de Rayleigh.®®®°

Figure 6- Instantané d'une nano-gouttelette d'eau contenant du Na® prés de la limite de Rayleigh,
générée a l'aide de simulations de dynamique moléculaire (Na* est représenté en bleu, oxygéne en
rouge et hydrogéne en blanc).®®

13
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Figure 7- A- Interaction d'un ion positif avec deux dipdles, et B- une vue schématique de
I'arrangement des molécules d'eau et des ions Na+ dans les nano-gouttelettes d'eau.®®®

Les simulations MD ont montré que pour une meilleure solvatation, les porteurs de charge
préferent prendre position a l'intérieure des gouttelettes (Figure 6). Cependant, méme dans
ces conditions, la charge nette est située a la surface des gouttelettes. Cela peut s'expliquer
par la propriété dipolaire des molécules d'eau et la facon dont elles interagissent avec les

jons.

Comme cela est représenté sur la Figure 7A, I'orientation et I'agencement de deux dipdles en
contact avec un porteur de charge conduit au transfert de charge de la position r; a la
position r,, méme si cette charge est partiellement neutralisée par les dipbles. Le méme
processus se produit dans les nano-gouttelettes. Comme le montre la Figure 7B, Na' est
situé a l'intérieur des gouttelettes, mais il induit une polarisation et une disposition des
molécules d'eau de telle maniere telle que sa charge est projetée sur la surface de la

gouttelette.
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Modeéle d'évaporation d'ions (IEM)

Selon le mécanisme IEM proposé en premier par Iribarne et Thomson,’®’* lors du processus
d'évaporation/fission des solvants lorsque les rayons des gouttelettes deviennent inférieurs
a 10 nm, au lieu de la fission de Coulomb, les gouttelettes commencent a émettre les ions
d'analyte. En fait, en raison du champ électrique élevé produit par des gouttelettes chargées
dont les rayons sont proches du rayon de Rayleigh, les ions solvatés sont éjectés de la
surface des gouttelettes (Figure 8a). La constante de vitesse d'éjection (k éjection) des ions
basée sur la théorie de I'état de transition est donnée par:

kT
kejection: h exp(

—AG*)

T (5)

ou kg est la constante de Boltzmann, h est la constante de Planck, T est la température et
AG* est I'énergie libre d'activation. En extrayant I'équation 5, deux forces opposées sur l'ion
éjecté ont été considérées : 1) la répulsion coulombienne entre l'ion s’évaporant et les
autres ions restants sur la gouttelette, et 2) I'attraction coulombienne entre l'ion et les
molécules de solvant polarisées sur la gouttelette. Lorsque ces deux forces opposées sont
égales, I'état de transition est atteint. Des simulations MD sur des gouttelettes de mélange
eau/méthanol contenant des ions NH," ont montré que par rapport aux gouttelettes
purement aqueuses, la présence de méthanol augmente la vitesse d'éjection des ions et

, . N . .. Y N 72
I'évaporation du solvant due a la tension superficielle inférieure a celle de I'eau.

Les ions éjectés de la surface de la gouttelette forment une petite grappe composée de
guelgues molécules de solvant qui a I'aide d'un gaz de fond s’évaporeront pendant le vol

vers le spectrometre de masse.

Le mécanisme d'électropulvérisation des ions de faible poids moléculaire est supposé étre

réalisé par le biais du modele d'évaporation ionique.70
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Figure 8- Différents mécanismes proposés pour l'ionisation par électronébulisation : (a) Modéle
d'évaporation ionique, (b) Modeéle de résidu chargé, et (c) Modéle d'éjection de chaine.®®

Modéle de résidu chargé (CRM)

Ce mécanisme a été proposé par Dole et al. en 1968”° pour expliquer la formation d'ions de
masse moléculaire élevée a partir des gouttelettes trés fines et fortement chargées formées
par fission (comme expliqué ci-dessus). Selon le modéle CRM, la répétition du processus
d'évaporation/fission du solvant (pendant le temps de vol des gouttelettes entre le cone de
Taylor et le spectrométre de masse) conduit finalement a la formation de quelques
gouttelettes contenant du solvant, des charges ioniques et une seule macro-molécule. Une
nouvelle évaporation du solvant a partir de ces gouttelettes conduit a la génération d'ions

analytes dont la charge provient de la charge de la gouttelette (Figure 8b). Diverses études
16
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ESI-MS sur les protéines ont montré que leurs ions dans la source d'électronébulisation sont

formés a I'aide de CRM.”*"®

Modeéle d'éjection de chaine (CEM)

Le modele CRM, expliqué dans la section précédente, est principalement applicable aux
protéines a structure globulaire compacte dans lesquelles les parties hydrophobes sont
repliées a I'intérieure de la molécule et ou les parties polaires sont situées a I'extérieur. Ces
conformations sont dominantes dans les solutions aqueuses neutres. Dans des conditions ou
les protéines sont dépliées, par exemple dans des solutions acides, les études MD montrent
gue leur ionisation se produit avec un mécanisme différent qui est appelé modéle d'éjection

687677 | a protéine dépliée a une structure désordonnée et étendue,

de chaine (Figure 8C).
ainsi toute la protéine est exposée au solvant. Dans le processus d'électronébulisation, et
aprés un processus répété d'évaporation/fission de solvant, lorsque de fines gouttelettes
sont formées, les chaines dépliées se déplacent a la surface de la gouttelette. Ensuite, de
facon similaire a ce qui se passe dans le modéle IEM, la chaine protéique est

progressivement éjectée de la gouttelette.

Le modéle CEM n'est pas limité aux protéines dépliées et il est également applicable aux
chaines polymeéres non polaires 1) désordonnées, 2) partiellement hydrophobes et 3) ayant

ey s . N . . 76,7
la capacité de se lier a un grand nombre de charges ioniques.’®’®

Préface

L'objectif de cette thése est d'étudier différents systémes moléculaires (divers complexes H-
G et oligosaccharides linéaires et cycliques additionnés de métaux) en utilisant diverses
techniques de spectrométrie de masse en tandem. Parmi ces techniques, citons la
dissociation radiative infrarouge due au corps noir (BIRD) dans un spectrometre a résonance
cyclotronique a transformée de Fourier (FT-ICR), la dissociation induite par collision a basse
énergie (CID a basse énergie) et la dissociation par collision a énergie plus élevée (HCD) dans
un spectrometre de masse hybride a piégeage linéaire (LTQ)/Orbitrap, et CID haute pression

dans un spectrométre de masse triple quadripolaire.
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Les techniques mentionnées ci-dessus ont été employées a différentes fins telles
gu'expliquer les spectres de fragmentation observés des oligosaccharides linéaires adduits
au métal, qu’estimer les énergies de liaison des complexes hote-invité et obtenir des
informations sur la barriere de dissociation et |'entropie des voies de décomposition
individuelles d’adduits métalliques d’oligosaccharides cycliques. Dans ce contexte, les deux
premiers chapitres de cette thése sont destinés a fournir des informations théoriques

nécessaires pour avoir une meilleure compréhension des techniques utilisées.

Le premier chapitre est consacré a l'explication des fondements de la dissociation
unimoléculaire. A cet égard, le mécanisme de Lindeman, la théorie de Hinshelwood, la
théorie RRK et la théorie RRKM/QET sont discutés de maniére concise. De plus, comme la
théorie RRKM est formulée a partir de la théorie de I'état de transition, cette derniere
théorie, qui explique la constante de vitesse des réactions bimoléculaires, est brievement

expliquée.

Dans le deuxieme chapitre, trois techniques principales de spectrométrie de masse en
tandem de BIRD, CID et HCD basse énergie sont présentées. De plus, étant donné que la CID
a basse énergie constitue la majeure partie de cette thése, pour avoir un meilleur apergu de
cette technique, des informations générales sur le fonctionnement des pieges a ions

linéaires sont également fournies.

Au Chapitre 3, nous étudions le mécanisme de dissolution des oligosaccharides dans le N,N-
diméthylacétamide/chlorure de lithium (DMACc/LICl), un solvant utilisé pour la dissolution de
la cellulose. Seront présentées également les capacités des techniques CID, CID et HCD a
basse énergie pour l'analyse structurale des carbohydrates. La comparaison des spectres
obtenus en utilisant trois techniques montre que, généralement, lorsqu'on travaille avec des
sucres monolithiques, les spectres CID fournissent des fragments plus structurellement
informatifs, et le clivage de la liaison glycosidique est la voie principale. Cependant, lorsqu'on
travaille avec des sucres di-lithiés, les spectres HCD peuvent étre plus informatifs en
fournissant principalement des fragments de clivage des cycles. En effet, le HCD est une
technique d'activation non résonnante qui permet de déposer rapidement une plus grande

guantité d'énergie, donnant acces a plus de voies de décomposition endothermiques et a
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des fragmentations consécutives. La différence dans les voies de dissociation préférées des
sucres monolithiques et di-lithiés indique que la présence du second lithium influence
fortement les constantes de vitesse relatives des clivages entre les anneaux transversaux
(réarrangement) par rapport aux clivages directs des liaisons glycosidiques, et défavorise ces
derniers. En ce qui concerne le mécanisme de dissolution des sucres dans les expériences
DMAC/LICl, CID et HCD sur les sucres di-lithiés et tri-lithiés les résultats révelent que les
intensités des ions produits contenant respectivement Li* ou Li* sont plus élevées que celles
des Li*. De plus, la comparaison des spectres de fragmentation (HCD et CID) du sucre lithié
additionné de LiCl et du sucre sodé adduit au NaCl montre que si dans ce dernier cas, la
perte de NaCl est dominante, dans le premier cas, la perte de HCl se produit
préférentiellement. L'ensemble de ces résultats prouve qu'il existe une interaction forte et
directe entre le lithium et le saccharide au cours du processus de dissolution dans le systeme

de solvant DMAc/LICI.

Au Chapitre 4, nous présentons une approche multimodale basée sur la spectrométrie de
masse qui permet de classer les stabilités de liaisons de deux cages d'hémicryptophane avec
trois molécules hotes biologiguement pertinentes. Une combinaison de BIRD et de CID a
haute pression, ainsi que la modélisation RRKM, ont été utilisées a cette fin. Pour les deux
hotes hémicryptophanes testés, la cage contenant des liaisons naphtyle présentait des
interactions plus fortes que les liaisons phényle portant une cage. Pour les deux cages,
I'ordre de stabilité des hotes est: choline> acétylcholine> bétaine. Les informations obtenues
par ce type d'études de spectrométrie de masse peuvent fournir un nouvel apercu des
caractéristiques structurelles qui influencent le plus la stabilité des paires H-G, fournissant

ainsi des conseils pour la synthése future.

Dans le Chapitre 5, les énergies de liaison en phase gazeuse d'une cage hétéroditopique
hémicryptophane (Zn(ll)@1) avec une série d'hotes zwitterioniques sont explorées en
utilisant le CID a basse énergie. Pour utiliser cette approche, un étalonnage préliminaire de la
température effective des ions subissant une excitation par résonance est nécessaire. Ceci a
été accompli en employant la technique BIRD qui permet la mesure directe des parametres

d'activation. Les énergies d'activation et les facteurs pré-exponentiels d’Arrhenius ont été
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évalués pour plus de 10 complexes H-G via |'utilisation de CID a basse énergie. Le temps de
séjour relativement long des ions a l'intérieur du piége a ions linéaire (maximum de 60 s) a
permis I'étude de dissociations avec des constantes de dissociation inférieures a 1 s™*. Cette
possibilité, associée a la grande taille des ions étudiés, garantit la réalisation des conditions
d'échange d'énergie rapide (REX) et, par conséquent, une application directe de I'équation
d'Arrhenius. Comparé a la technique BIRD, le CID a basse énergie donne acces a des
températures effectives plus élevées, permettant ainsi de sonder davantage de voies de
décomposition endothermiques. Sur la base des parameétres d'activation mesurés, les hotes
portant un groupe fonctionnel phosphate (-OPO5%) se sont révélés se lier plus fortement a la
cage d'encapsulation comparativement a ceux possédant un groupe sulfonate (-SOs’);
cependant, ces derniers font des liaisons plus fortes que ceux avec un groupe carboxylate (-
CO,). En outre, il a été observé que la présence de groupes triméthylammonium (N (CH3)s")
ou phényle dans la structure de I'h6te, améliore la force des interactions hote-invité.
L'utilisation de cette technique est trés simple et ne nécessite aucune modification
instrumentale. Ainsi, elle peut étre appliquée a d'autres études de chimie H-G dans
lesquelles la comparaison des énergies de dissociation de liaison est d'une importance

primordiale.

Dans le Chapitre 6, les stabilités relatives des mémes complexes H-G obtenues dans le
Chapitre 5 sont réétudiées en utilisant HCD. Apres avoir généré des courbes de rendement
de survie (SY), une modélisation Rice-Ramsperger-Kassel-Marcus (RRKM) a été réalisée pour
extraire les énergies critiques de dissociation pour les complexes H-G. Des énergies critiques
trés similaires a celles extraites des expériences CID a basse énergie ont été obtenues. Cette
technique est trés simple a réaliser et peut fournir des résultats relativement fiables.
Cependant, en plus de I'exigence d'étalonnage de la température (technique CID de basse
énergie), la principale limite de cette méthode est qu’il est nécessaire de disposer des
informations sur le facteur pré-exponentiel d’Arrhenius des complexes pour accéder aux
énergies critiques. Par conséquent, |'utilisation de cette technique n'est possible que lorsqu'il

existe des informations sur I'état de transition de la dissociation.
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Enfin, au Chapitre 7, la premiére étude de la dissociation de I'3-CD lithié et du Gy lithié en
phase gazeuse a |'aide de CID de basse énergie est présentée. Des spectres de fragmentation
dissemblables ont été observés pour ces oligosaccharides, ce qui implique que leurs
fragmentations passent par différentes voies de dissociation. Dans |'étape suivante, les
courbes d'efficacité de fragmentation en fonction du temps ou de I'énergie montrent que la
probabilité de fragmentation consécutive est minimisée dans la condition expérimentale CID
a basse énergie. Ces courbes donnent ainsi I'assurance que les parameétres d'activation des
voies de dissociation individuelles ne peuvent étre mesurées expérimentalement a
différentes amplitudes d'excitation qu’a la condition qu'une technique fiable soit utilisée
pour |'étalonnage de la température effective des ions a l'intérieur du piége a ions. Par
conséquent, en utilisant la technique présentée au Chapitre 5, nous avons obtenu des T
d'ions a différentes amplitudes d'excitation, puis il a été possible de construire des tracés
d'Arrhenius pour les voies générales de dissociation et de dissociation individuelles. Ainsi,
I'énergie d'activation et les facteurs pré-exponentiels pour tous les canaux de fragmentation
de chaque oligosaccharide ont été obtenus. En dépit de la nature chimique trés similaire des
deux oligosaccharides, des parametres d'activation tres différents ont été observés, en
accord avec leurs modeles de fragmentation observés. Dans cette étude, les résultats
montrent clairement que la structure cyclique de la B-CD lithiée aide sa dissociation en
passant par une voie entropiquement plus favorable malgré une barriere d'activation plus

élevée.
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Chapter 1: Fundamentals of unimolecular ion

dissociation
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Tandem mass spectrometry (MS/MS) is one of the most important analytical methods that
has plenty of applications in chemistry and biology. This technique involves the selection of a
precursor ion, and then its activation, usually by collision or photon absorption, to perform
dissociation, and produce fragment ions. In addition to its analytical applications, tandem
mass spectrometry can provide a profound insight into the fundamental properties of ions in
the gas phase. Here, before explaining the employed activation techniques in this thesis,
first, basic theories of unimolecular dissociation will be discussed. In this regard, Lindeman
mechanism, Hinshelwood theory, RRK theory and RRKM/QET theory will be described
concisely. In addition, since the transition state theory was the basis of the formulation of

RRKM/QET theory, it will be explained, as well.
Lindemann mechanism

In the gas-phase reactions that follow first order kinetics, it seems that only one species is
involved. However there is an unclear point: how do reactant ions obtain enough energy to
dissociate? At the beginning, it was thought that this energy is only provided by the
absorption of radiation from the surrounding. Then, in 1922, Lindemann proposed a
mechanism based on collisional activation, which was further developed by
Hinshelwood.”>® This theory, which is called the Lindemann mechanism, is suitable to
describe thermal unimolecular reactions, and it involves both bi- and unimolecular steps.
According to this theory, the precursor ion, AB®, collides with the target gas, M, to acquire

energy and undergo excitation:

ki/k—
AB* + M AB* ) + M (1.1)

k
[AB*]* S A* +B (1.2)

Then, the excited molecular ion, [AB+]*, undergoes unimolecular dissociation to form the
products (A* and B). In Equation 1.1, k; is the rate constant for the activation to any
vibrational level (no discrimination between various vibrational levels) above the critical
energy (Ep) that is the minimum required energy for decomposition; k_; is the rate constant
for the deactivation from any energy level above the critical energy to any energy level

below it (again no discrimination between various energy levels is considered). This
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deactivation rate constant is often taken to be equal to AZ, in which Z is the number of
collisions and A is collision efficiency. In Equation 1.2, k;, is the rate constant for dissociation
of the excited molecular ion. Here, the main hypothesis is that after the activated precursor
ions achieve by collision the required energy for dissociation, they do not necessarily have to
react. After excitation, they have enough time to lose their energy either by deactivation via
another collision, or by unimolecular dissociation. Thus, the presence of this time lag is the

basis of this theory.

According to the steady state approximation, the rates of the production and consumption
of intermediate, [AB+]*, are equal; therefore, its concentration will not change during the
reaction. By applying this approximation to the excited molecular ion, we can obtain an

overall rate law (Equation 1.3):

d[AB*]*

7 = 0= kal[ABT][M] = k4 [AB*]"[M] — ko [AB™]" (1.3)

By rearrangement of Equation 1.3, concentration of [AB']" can be obtained (Equation 1.4):

ki[AB*][M]

BT = T+ ks

(1.4)

Therefore, the overall reaction rate is:

_dat
Tdt

_ kik;[AB¥][M]
kg [M]+ Ky

= kz[AB+]*

(1.5)

kika[M]

koveran = Mt K, (1.6)

Now, it will be useful to consider the behavior of the reaction rate at two limiting cases: high

and low pressure of the target gas.
High pressure limit

At a high pressure of collision gas, there are a large number of collisions. Therefore, the
probability of collisional de-activation of [AB+]* is higher than unimolecular dissociation, i.e.
k_l[AB+]*[M] >> kz[AB+]* and the dissociation step is the rate limiting step. Under this
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condition, k, term in the denominator of the overall reaction rate can be neglected and the

rate law will be simplified to:

kik
R =—"2[AB*] (1.7)
k_y
I _ kik,
high pressure — k—_1 (1'8)

This is a first order rate law with the overall rate constant of kik,/k.1. In this high pressure
limit which is also called rapid energy exchange (REX) limit, the population of ions has a
Maxwell-Boltzmann distribution of internal energies. It should be noted that the Lindemann
theory does not take into account photon absorption and emission, and only considers

activation by collision.
Low pressure limit

At a low pressure of the target gas, there are only a few collisions. In this situation, the rate
of the unimolecular dissociation will be higher than collisional de-activation, i.e. kz[AB+]* >>
k_1[AB+]*[M]. Therefore, k1[M] can be neglected in the denominator of the overall reaction

rate, and the rate law will be simplified to:

R = k,[AB*][M] (1.9)

According to this equation, at the low pressure limit, reaction kinetics is of second order, and

bi-molecular activation is the rate determining step.

The pressure at which the rate constant arrives to half of its value at the high pressure limit

can be calculated as follows:

1

koverall = 2 khigh pressure (1-10)

kika[M]1/, _ Tkqk,

== 1.11
ML, + ke 2k (L
k kyi
[M]1/2 _ - 2 _ hlghl;zressure (1.12)
-1 1
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The equation for the overall rate constant can be also rewritten to obtain:

1 _ 1 N 1
koverall kl [M]

(1.13)
khigh pressure

Therefore, we can obtain ki and Knigh pressure Values from the slope and the intercept of the

linear plot of 1/koveran vVersus 1/[M].

In addition, according to the Maxwell-Boltzmann distribution, we have:

[AB*]"  ky —E, 114
A ko “PCr (1.14)
By replacing k.; with AZ:
k, =2Z (_Eo) 1.15
(=2Zexp(—=)  (L15)

From the rate constant expression at high pressure, the value of k;, can be calculated:

kik; —E,
khigh pressure — k_—l = kyexp <ﬁ) (1.16)
Since k, is constant, the temperature dependence of Kkpigh pressure IS €xpected to show

Arrhenius behavior, and the plot of log Khigh pressure versus 1/T should be linear.

To summarize, the general description of the collisional activation process proposed by the
Lindemann theory properly predicts the decrease of the rate constant at low pressures. In
addition, it can correctly explain the fact that the reaction rate constant is changing from
first order at the high pressure limit to second order at the low pressure condition. However,
it has some drawbacks, for example: as the molecules get bigger, discrepancies between
experimental results and the theoretical calculations increase. Furthermore, the plot of
1/koveran versus 1/[M] diverges from linearity in the experimental data, indicating that it is not

well-described by this theory.
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Hinshelwood theory

Hinshelwood improved the Lindemann theory by taking into account vibrational degrees of
freedom in the activation process.®® According to the Hinshelwood theory, during collisional
activation, energy is accumulated in the vibrational modes (s) of the molecular ion. After
each activation, there is a step of redistribution of internal energy among all vibrational
modes. This process repeats itself until the time arrives when the geometrical arrangement

of atoms in the excited molecular ion becomes suitable for the reaction.

Here, according to the Maxwell-Boltzmann distribution, we have:

ky  (Eo/kT)*™* —Ey
= 1.17
k., (-1 exP(kT) (1.17)
AZ(Eo/KT)* (‘ 0
1= T -1 Pkt ) (1.18)
By rearrangement of Equation 1.6, we obtain:
koki/k_
2k1/k_4 (1.19)

k —
overall 1 + kz/k_l[M]

By substituting of ki/k; value from Equation 1.17, we then obtain:

k, 1 E, 1 —E,
koveran = k, (S — 1)! (ﬁ) exp (ﬁ) (1'20)

L ]

According to Equation 1.20, we need the values of k.1, k», Eg and s to calculate koverar. TO
obtain them, at the beginning, we could approximate the value of k, from the pressure in
which the rate constant arrives to half of its value at the high pressure limit. Then, this
primary k; value can be used for the first approximate value of k;. In the next step, k,, Eo, and
s values can be found by successive iterations of this calculation, until arriving at the point

where the best fit of the experimental data and the theoretical ones is obtained.

The rate constant at the high pressure limit can be obtained by:
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kik;
khighpressure = & (1.21)
-1
Eq
ngnpressire = ke =5, o e () (.22)

Here, the calculation of k,, Eg and s will be iterated until the best fit is obtained. In spite of
the fact that k; is constant, the above equation predicts a non-linear plot for In (Knigh pressure)

versus 1/T, for which the linear plots are observed!

To summarize, compared to the Lindemann theory, Hinshelwood theory results in an
improved fitting between experiment and theory (koverqr €quation) by taking into account the
number of normal modes (s). Nonetheless, it still suffers from some limitations; among
them, the most important one is that the observed curvature in the plots of 1/k,yerqy Versus

1/[M] is poorly accounted for.

RRK theory

8182 and Kassel®® introduced a statistical theory for the calculation of the

Rice, Ramsperger,
unimolecular dissociation rate suggesting that the reaction rate depends also on the
vibrational energy of the excited molecular ion. According to their theory (RRK theory), in
order for dissociation to take place, a minimum of energy should be localized in special
vibrational modes, and the rate constant is proportional to the probability of this

localization. In other words, the unimolecular reaction rate depends on the vibrational

modes of the excited molecular ion, no matter how it is activated.

They stated that the precursor ion contains s identical harmonic oscillators, among them,
one is considered as the critical oscillator (v) where dissociation reaction takes place. In
addition, they assumed that the rate of the intramolecular distribution of excess energy is
faster than the unimolecular dissociation rate (ergodic assumption), and energy flows freely
among all of the oscillators. Then, they defined the transition state as the configuration in

which the energy of the critical oscillator is higher than the critical energy (bond energy, Ey).
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By considering the vibrations as discrete energy levels, a quantum mechanical expression for
the probability of having the transition state configuration can be calculated using Equation

1.23:

m—-m+s—1)n!
m—-—m)(n+s—1)!

Probability = (1.23)

Here, n is the total number of vibrational quanta, and m is the number of quanta localized in
the critical oscillator. By considering the classical limit in which the number of quanta (n) is
very large compared to the number of oscillators (s), the above equation can be simplified as

follows:

n—-—m+s—1)!

=] ~ (n—m)s1 (1.24)
n!
(n+s—1)!~n ! (1.25)
m
Probability = (1 — ;)5_1 (1.26)

By multiplying the above probability with the frequency factor (v) which is the vibrational

frequency of the critical oscillator, we could obtain the dissociation rate constant:

s—1

ko(B) ~ v (1) (1.27)
n
Then, since E = nhv, we will have:
E s—1
ky (E) ~ v (1 - FO) (1.28)

This equation shows that as energy increases, the rate constant goes up, and as the number
of oscillators increases, it goes down. To obtain an acceptable agreement between
experimental data and the theoretical ones, a smaller value for the number of oscillators, s,

has to be used.

To summarize, the main feature of RRK theory is that when a molecular ion gets energy, this

energy is rapidly distributed over all the vibrational modes of the molecule. This process
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continues until the point where a sufficient amount of energy quanta is transferred into the
critical oscillator, then dissociation reaction takes place. Although this theory is a significant
improvement compared to the previous theories, its results have some discrepancies with
experiments. These originate from the assumption of s identical oscillators having the same
frequency. Nevertheless, this theory can be successfully used for the calculation of binding

energies.
Transition state theory

Transition state (TS) theory explains bi-molecular reaction rates. This theory, also called
activated complex theory, was developed simultaneously by Eyring,®* Evans,® and Polanyi®’
in 1935. According to this theory, there is a specific geometrical configuration of all the
atoms in the reacting system which is called transition state or activated complex. During the
reaction process, this configuration must first be obtained, before the reaction continues
thereby converting this complex to the products. In the reaction coordinate (lowest potential
energy pathway between reactants and products), the potential energy surface of the

transition state is higher than both reactants and products. TS theory assumes that there is a

guasi-equilibrium between reactants and the activated complex:

ki/k—1 2 k2
A+B«—— [AB]* > P (1.29)

Its equilibrium constant K* can be written as follows:

(1.30)
Therefore, the concentration of the activated complex is:

[AB]* = K*[A][B] (1.31)

Moreover, the rate of the product formation can be expressed as:

d[P
% = kz[AB]" = k,K*[A][B] = koveraulAl[B] (1.32)

Thus, the rate constant of the overall reaction is given by:
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koveran = kZK# (1.33)
Furthermore, from the statistical mechanics, we have:
kgT

in which kg is the Boltzmann constant and h is Planck’s constant. Also, K* relates to the Gibbs
free energy difference between the reactants and the transition state (AG") by Equation

1.35:

. AG*
K" = exp ~RT (1.35)

Therefore, the rate constant is expressed by:

kT

AG*
koverall = kZK# = Texp <_ ﬁ) (1.36)

AG" relates to the enthalpy (AH") and entropy (AS") of activation by:

AG* = AH* — TAS* (1.37)

Therefore, the rate constant equation may be written as:

kgT AH* AS*
koverall = (T) exp _ﬁ exp T (1-38)

This entire equation should be multiplied by the transmission coefficient (k) to take into
account the probability of conversion of the activated complex to the products. Therefore,

we arrive to this final expression for the overall rate constant:

kpT AH* AS*
boneran = () 0 | = enw (5 (1.59)

This equation can be used for calculation of Gibbs free energy, enthalpy and entropy of

activation.
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To summarize, instead of discussing about the collisional activation and deactivation, TS
theory speaks about the presence of an activated complex in the reaction coordinate.
Therefore, the reaction rate is directly the rate at which reactants arrive and pass through
the transition state. This theory along with the RRK theory were then used to formulate

RRKM theory to describe unimolecular reaction rate constants.

The RRKM/QET theory

86,87

In the early 1950s, Marcus and Rice proposed a new theory for the formulation of

unimolecular dissociation rate constant based on transition state theorys""85 and RRK

theory, 3%

which was named RRKM theory. At the same time, Wallentein, Wahrhaftig,
Rosenstock and Eyring introduced quasi equilibrium theory88 (QET), mainly for application in
mass spectrometric systems. Both of these theories resulted in the same equation for the
calculation of the reaction rate as a function of energy. Derivation of the RRKM/QET

81,83,86,87

equation is presented elsewhere; here we briefly discuss about physical

repercussions of that, and some assumptions of both theories.

According to the RRKM theory, the reaction scheme is as follows:

kqi/k_—
A+ + M &5 [AB*]* + M (1.40)
ka
[AB*]* = [AB*]* (1.41)
k
[AB*]* = A* + B (1.42)

here, [AB+]* is the energized molecular ion (E > Ep), and [AB']" is the activated complex
(transition state). Actually, the difference between these two species is in their
configuration, with the latter having the suitable one for the reaction. Therefore, this theory
uses the concept of transition state, and then statistical mechanics to calculate the
probability that an energized molecule has the proper configuration as that of the activated
complex. In addition, instead of considering a uniform frequency for all of the oscillators of

the system, it deals with the real frequencies of both [AB']" and [AB']".
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The RRKM/QET rate constant equation for a molecule having an internal energy of E and

critical energy of E, is as follows:

k(E) = o (1.43)

here, o is the reaction degeneracy (number of the equivalent pathways of the reaction),
N#(E-Eo) is the sum of states at the transition state from 0 to E-Eg, h is Planck’s constant and
p(E) is the density of states of the precursor ion at the internal energy of E. But, what are the
concepts of sum and density of states? Considering a molecule with s vibrational degrees of
freedom (neglecting the rotational energy), and an internal energy of E, the sum of the
states means the number of ways that we could distribute the energy among all the s
oscillators in a way that the total energy is equal to or less than E.%° As the energy increases,
the sum of states also increases because at higher energies, the number of ways of
distributing the energy between the oscillators is higher. Now, the density of states at energy
E is defined as the number of vibrational arrangements with energy content between E and E
+ 6E. The sum of states is a number without dimensions, and since the density is the number

of states per energy interval, its unit is EL®

E-Eo-e

Eo

NS

R—

Figure 1-1- A schematic representation of a reaction coordinate for dissociation of a precursor ion
having a total energy of E.*

To have a better understanding about the RRKM/QET equation, consider a precursor ion
with a total internal energy of E (Figure 1-1). At the transition state, a part of this energy
should be localized on the critical oscillator that is equal to the bond dissociation energy, Eo.
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Now, the remaining energy that could be distributed among all other oscillators is E-Eq. So,
this is one state (the first term of the following equation). The other possibility is that, we
allocate a part of the E-Eq energy to the translational energy of the fragments, €;. Therefore,
in this case, the total remaining energy that could be distributed between the vibrational

modes is E-Eq-€;, the second and subsequent terms in the following equation:

p*(E—Ey) p*"(E—-Ey—&) p"(E—Ey—¢p) 4.

KO ==m T m® T )

(1.44)

Thus, sum of states can be obtained by adding up all the terms in the numerators of the
above equation.® Therefore, the maximum available energy for the oscillators other than
the critical oscillator (E-Ep) is when the fragments do not have any translational energy, and
the minimum energy is when fragments have the highest translational energy (E-Eo-£,=0). So,
we sum up all the states between these two limits (0 to E-Ep). From the above discussion, the
minimum dissociation rate will be when the remaining energy for the oscillators is 0, then
N(0)=1, because there is only one state corresponding to this energy (all the oscillators

having zero energy). Consequently, the minimum rate constant is:

1
Ko, =
min = O 5 (o)

(1.45)

which depends neither on the structure of the transition state, nor on the vibrational

frequencies.89

In the RRKM/QET equation (Equation 1.43), both the sum and the density of states increase
with internal energy. However, since N*(E-Eo) increases faster, the rate constant will strongly
depend on the internal energy. To calculate the rate constant, in addition to the critical
energy, one also needs to determine the sum and the density of states. This can be done by
a direct counting of states which itself needs the vibrational frequencies of the reactant and
the transition state. However, as it has been shown previously,’®* RRKM/QET calculations
are not sensitive to the vibrational frequencies, and when there is not a detailed knowledge
of the transition state, quantitative studies can still be performed. On the contrary, they
depend on the entropy of the activation (AS"). Therefore, two main parameters in the

calculation of the rate constant will be Ey and AS*,
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Detailed discussion about RRKM/QET theory can be found in the related references.’*

Type of the transition state

Figure 1-2a represents the plots of the rate constant versus internal energy for two different
dissociation reaction pathways of the same molecular ion but with different critical energies
(Eo,2 > Eo,1) and entropies of the activation (ASZ# > ASl#) for the two pathways. The value of
critical energy determines the position of the curve, and entropy of activation determines its

"steepness".94

(a) (b)

A A
log k E
T
KS
1. 1. [ ER———— . |
int T
Eo
|
[ KS2_;
— > >
s 1 E;.; Reaction Coordinate

ED,J. EO,Z Eapp

Figure 1-2- (a) Plots of rate constant as a function of the internal energy for two hypothetical
reactions with loose (in gray) and tight (in black) transition states,® and (b) a schematic diagram
representing KS.”

The type of the transition state directly depends upon the AS". Rearrangement reactions
usually have a low or negative entropy, slowly rising plot (rate constant versus energy) and a
tight transition state whose structure is far from that of the fragments (early transition
state). On the contrary, direct bond cleavage reactions are characterized by a high value of
the activation entropy, steeply rising plot and a loose transition state whose structure is

similar to that of the fragments (late transition state). Equation 1.46 exhibits the relationship

between the frequency factor (v) and the entropy of the activation (AS"):*®

V= (E _hEO) eAS#/R (1.46)
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where h is Planck’s constant, E is the total internal energy, Ey is critical energy and R is gas
constant. Therefore, a high value of frequency factor (usually between 10" to 10 s™)
corresponds to a loose transition state, whereas a small value (usually between 10°to 102 s

') accords with a tight transition state.”’

In Figure 1-2a, critical energies for two reaction channels, and also their appearance energy
(Eqpp) are indicated. The difference between E,,, and Eo, which is called kinetic shift®®® (ks),
is defined as the excess energy of the precursor ion relative to its critical energy of the
dissociation that needs to be applied in order to see the fragmentation in a detectable rate
(Figure 1-2b). From Figure 1-2a, one can see the same appearance energy for two different
reactions with unequal critical energies and entropies of activation. Therefore, in situations
where the purpose is comparison of various dissociation reactions or the stabilities of the
different complexes, the final conclusion should be made with caution. In other words, one
needs to have an estimation of the KS which includes the effects of all parameters, including
time frame of the mass spectrometer, size of the molecular ion, Eg and AS#, before making

any conclusion.
Time scale of the experiment

The appearance of a fragmentation spectrum depends not only on the energetics of the
dissociation reaction and internal energy distribution of the excited precursor ions but also,
on the time scale of the mass spectrometer. In other words, the extent of the fragmentation
has a direct relation with the time allowed for the ions to dissociate.”” If we define the
survival yield (SY) as the fraction of the molecular ion that is not decomposed with Equation

1.47 as follows:

Ip

sy = —>2
Ip+ X 1;

(1.47)

where, Ip is the intensity of the precursor ion, and /¢ is that of the fragment ions; then the SY

at time zis given by:'®

SY = e~kE)T (1.48)
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where k(E) is the microcanonical rate constant which is dependent on the internal energy,
and 7is the time that precursor ions have in order to dissociate. Therefore, from the above
equation, for the instruments with a shorter time scale, a higher rate constant and as a

consequence a larger internal energy will be necessary to see the fragmentation.
Internal energy distribution

As was explained previously, one of the main effective parameters on the appearance of the
fragmentation spectrum is the internal energy distribution of the precursor ions. Internal
energy is the total energy of the ion above its electronic, vibrational and rotational ground
state.”” If we suppose that we have an ensemble of molecular ions, then most probably, not
all of them have the same internal energy, and there is a distribution of the energy between
the all species. Therefore, internal energy distribution, P(E), is a function that explains the
probability of an ion to have a particular energy of E. This function is usually normalized to
unity.'® Absorption and emission of photons, and also collisional activation and collisional
cooling can change the P(E) function of an ion population. Previously, various theories of
unimolecular dissociation reactions were discussed, and it was explained that a dissociation
reaction consists of two steps: the first step is activation/de-activation, and the second one is
unimolecular dissociation. Now, it is worth noting here that the fact that we have a
distribution of the internal energy, and not just a single value for the internal energy is a
direct outcome of the competition between various activation and de-activation events.'”
Based on the relative rates of the activation/de-activation and dissociation steps, there are

two limiting cases:

(a) Rapid energy exchange in comparison with the dissociation, in which the rates of the
activation/de-activation far exceed the unimolecular dissociation. In this situation, the ion
population arrives to a thermal equilibrium condition and has a Maxwell-Boltzmann
distribution of the internal energy. This population is called canonical ensemble which can be
characterized by a temperature. Under this condition, the canonical rate constant is the
average of the unimolecular dissociation rate over the entire distribution of internal

energies:
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[ee]

k(T) = f P(E)k(E)dE (1.49)
0

In addition, the Arrhenius equation can be used to explain the rate constant: %1%

k(T) = A exp(—E,/RT) (1.50)

In Equation 1.50, A is the pre-exponential factor and has a similar meaning as the frequency
factor. By plotting of In k versus 1/T, one can directly obtain the Arrhenius activation energy,
E;, and A from its slope and intercept, respectively. It should be noted that for systems in

104

thermal equilibrium, from Eyring’s theory,” the rate constant can be given by Equation

1.51:

 kgT AS E,
k(T) = —,exp| | exp (— ﬁ) (1.51)

By comparison of Equations 1.50 and 1.51, pre-exponential factor can be explained by

Equation 1.52:

A_kBT AS 152
=T P\ (152)

Equation 1.52 expresses the direct relationship between the pre-exponential factor and the

entropy of activation. Furthermore, at the REX limit, Arrhenius activation energy relates to

the dissociation enthalpy (AH") by Equation 1.53:'%

E, = AH” + kgT (1.53)

AH" also relates to the critical energy of the dissociation by Equation 1.54:

AH?* =Eq+ < E?”> —<E >= Ey+ AE 0y (1.54)

where < E*> is the average internal energy of the transition state, < E> is that of the all
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molecules at temperature T and AE., is Tolman’s correction factor.”~ Therefore, the

relation between activation and critical energy is given by:
Ea - EO + AECOTT + kBT (155)
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Depending on the type of the transition state, the value of the correction factor can be
negative or positive. For reactions with loose transition state, AE.> 0 and E, > Eg; however,

for those with tight transition state, AE.,,< 0 and E, < Eo.

To sum up, the REX limit corresponds to the state in which we have regular activation and

de-activation of the molecular ion during the dedicated time for the dissociation.

(b) Absence of any energy exchange during fragmentation, where the rate of the
unimolecular dissociation is much higher than the activation/de-activation of the ions. In this
situation, the higher energy tail of the distribution which has a larger energy than the critical
energy will dissociate fast, and as a consequence this part is missing from the distribution.
Therefore, the population of the ions will have a truncated Maxwell-Boltzmann distribution
of internal energy which is characterized by a characteristic temperature (Tcnqr) (the
temperature corresponding to the distribution of internal energies of the ions before

decomposition), and a corresponding mean internal energy (<Ein:>).'®

0.008 1 <E.>=T7.1¢eV
<‘Eint>
0.005 - Topar = 9573 K
0.004 SY=0.5
P(E) 003 - oo
- t=2.5ms
0.002 -
0.001 -
0 : : :
0 2 4 6 8 10 12 14

Internal energy (eV)

Figure 1-3- Truncated Maxwell-Boltzmann internal energy distribution: the solid curve is the internal
energy distribution of a model host-guest complex at t = 0 ms and the dotted curve is the internal
energy distribution of the ions after 2.5 ms. The hatched area corresponds to the part of the
population that is decomposed (50%).

As an example, the internal energy distributions for the dissociation of a model host-guest

complex at Ty of 613 K, at 0 ms (before decomposition), and at 2.5 ms (upon
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decomposition, dotted curve) are presented in Figure 1-3. The hatched area corresponds to
the part of the population that is decomposed (50%). It is evident from the picture that after
2.5 ms, only the higher energy part of the distribution has been fragmented and the lower

energy part is almost intact, leading to the term "truncated distribution".

Between the above limiting cases, there is a competition between activation/de-activation

and unimolecular dissociation.
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Chapter 2: A general introduction to the

utilized fragmentation techniques
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In this chapter, to have a better understanding of the techniques and projects that will be

presented in this thesis, the utilized fragmentation techniques are introduced briefly.
Blackbody infrared radiative dissociation (BIRD)

BIRD is one of the mass spectrometry techniques that is of special interest for quantitative

study of the binding and dissociation properties of rather weak interactions.’® In this

technique, ions of interest are trapped in an ultra-low pressure (£ 1 x 10 Torr)'07108

trapping mass spectrometer where they can experience unimolecular dissociation in the
absence of any collision.’® Therefore, the only source of activation is the absorption of

infrared photons from the surroundings (Equation 2.1):*'%*!

kl,rad/k—l,rad
—

k
AB* [AB*]* =S A*+B (2.1)

In Equation 2.1, k; rq¢ and k.1 ,,q are rate constants for absorption and emission of infrared
photons, respectively, and ky is the unimolecular dissociation rate constant. Using the steady

state approximation, the overall rate constant for the whole process, k, is:

kl rad
k=ky| ————— 2.2
¢ <k—1,rad + kd ( )

In this technique, in order to see a substantial amount of fragmentation, the time allowed
for the observation of the dissociation should be rather long (e.g., several minutes). In
addition, pressure must be maintained sufficiently low to make sure that there is not any
exchange of energy via unintended collisions. Both of these conditions can be readily fulfilled
inside the cell of a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer
(Figure 2-1). In BIRD experiments, the only source of energy is the absorption of multiple
low-energy infrared photons (in contrast to visible or ultraviolet dissociations in which a
single high-energy photon is used for excitation), and from the practical point of view, only a
limited temperature range can be achieved for BIRD dissociations. For these reasons,
precursor ions of BIRD have to be fragile enough to dissociate in the available temperature
range, and at the same time, they must be stable enough to be able to arrive intact into the

ICR cell after formation in the ionization source. Since electrospray ionization (ESI)*™ allows
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weak interactions to be preserved in the gas phase; it is one of the most convenient

techniques for generation of precursor ions of BIRD.

Gate valve ICR cell

=)L) =

lon transfer optics

ESI H1 Q1 H2

ot cg:}:g—z—!o

103 atm.
1sto1000s

Figure 2-1- Schematic of a hybrid quadrupole-FT-ICR mass spectrometer (ApexQe, Bruker Daltonics)

In treating BIRD data, the natural logarithm of the survival yield (Equation 1.47) is plotted as
a function of the trapping time in the ICR cell. This plot will be linear for the reactions
following first-order kinetics, and the obtained slope gives the rate constant (k). The

dissociation rate constants are acquired at various temperatures and finally, the subsequent

obs

plot of In k versus 1/T allows one to deduce observed activation energy (E,””") and pre-
exponential factor (A°bs) parameters (Equation 1.50 and Figure 2-2).'%°
I/In A

% *

{. ': Slope = -E,/R

2 =

£

Time (s) 1T

Figure 2-2- BIRD’s data treatment for extraction of observed activation parameters.

These experimentally-derived Arrhenius parameters (E,°> and A°), can be useful for

comparison of the kinetics of similar reactions. For more universal comparisons, it is

43



BAYAT Parisa — These de doctorat - 2018

necessary to derive the corresponding infinite-pressure parameters, E,° and A%®. This will
help to compare bond energies and the nature of the transition state in different

unimolecular dissociation reactions.

One may ask the questions: why are universal comparisons feasible at the high-pressure
limit, and how is it possible to have this condition in BIRD experiments that are performed
under ultra-low-pressure conditions? In the high-pressure limit condition (a high pressure of
collision gas), the ion population experiences very rapid energy exchange, and as a
consequence, it is in complete equilibrium with its surroundings at temperature T. Under this
condition, the ion population has a Maxwell-Boltzmann distribution of internal energy, and
observed activation energy and pre-exponential factor will approach to the corresponding
infinite-pressure values which are characteristics of the dissociation reaction and therefore
can be used for universal comparison purposes. In the low-pressure condition of BIRD
experiments, this condition of fast energy exchange can be fulfilled by increasing the
molecular size (due to a large number of photon absorption and emission events). Therefore,
to avoid any confusion, this infinite-pressure limit is called the rapid energy exchange (REX)

limit.1%

For an ensemble of ions in thermal equilibrium (REX limit), the internal energy distribution is

given by Maxwell Boltzmann relation:

E
P(E) = Const.p(E).exp (— kB_T) (2.3)

where P(E) is the probability density for an ion to have a special energy of E at temperature
T, p (E) is the density of states, kg is the Boltzmann constant, and Const. is the normalization
constant. In BIRD experiments, the rate of energy exchange strongly depends on the size of
the molecule. As the size of the ion increases, the rate of the absorption (ky rq¢) and emission
(k-1,rq0) Of infrared photons increases as well. However, the unimolecular dissociation rate
(kg) stays almost constant at a given temperature, and is hardly influenced by the molecular
size. This means that P(E) approaches to a Maxwell Boltzmann distribution without any
significant loss of the highest energy part of the population via unimolecular dissociation.
Therefore, when the size of the molecule is large enough, k.i,q far exceeds kg the
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population is thermalized, and the observed activation parameters E,>* and A°”, are equal

to their infinite-pressure values E,” and A®.

In the case of small molecules (less than 100 degrees of freedom), the rate of energy
exchange is small compared to the dissociation rate (k.14 << kg). In fact, any excitation to
any internal energy above the critical energy, leads to a very fast dissociation of ions. In this
condition, which is called “sudden death” kinetic limit, the overall dissociation rate of the
precursor ion depends only on the rate of photon absorption and emission, and is
independent of the unimolecular dissociation rate. In this situation, the high energy portion
of the population is lost via unimolecular dissociation, and this reactive depletion'® leads to
a significant deviation of £, and A% from E,® and A%, respectively; as a consequence,
difficulties arise in the interpretation of BIRD data. Here, the simplest approach for
extracting the critical energy from the BIRD data is a method called the "truncated

Boltzmann approximation".**®'% Based on this model, critical energy is given by:

Ey = Egbs +(E") — AE,qq — AEdepl (2.4)

where <E’> is the average energy of the truncated Boltzmann distribution, AE,,s is the
temperature dependence of the radiation field, and AE4ep is that of the reactive depletion of
the higher energy levels. These two latter terms are small and partially cancel each other. In

obs

Equation 2.4, <E’> term is dependent on the Ey, but E;, AEqq and AEgep are independent of
Eo. Therefore, critical energy can be obtained by iteration: first, using the approximations of
harmonic oscillator and Boltzmann statistics, the internal energy distribution of the system is
calculated, and then <E’> is calculated using an initial estimate for critical energy.
Afterwards, using the calculated <E’>, and Equation 2.4, a new value for critical energy is
calculated, and is compared with the initially estimated value. This process will be repeated
until the newly obtained Ey is less than 5 cm™ different from the value that is used to
calculate <E”> in the previous step. In addition to the truncated Boltzmann approach,
master-equation modeling can also be used to extract critical energies from BIRD data in
small systems. This method is the most reliable procedure for extraction of critical energies
provided that accurate information about the transition state is available. However, it is a

more demanding approach compared to the truncated Boltzmann method. %%
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For the ions of intermediate size, the rate of energy exchange is comparable to the
dissociation rate (k.1 40 = kg). Here, the ion population is not completely thermalized and a
small part of the population in the higher energy side is lost by unimolecular dissociation.
Therefore, the internal energy distribution is Maxwell-Boltzmann-like with a small depletion
in its higher energy portion. In this case, master equation analysis has to be performed on
the experimentally obtained activation parameters to drive the correct value of the critical
energy. In the master equation model, any particular ion can undergo photon absorption,
photon emission and unimolecular dissociation, and in fact, each ion, is considered to have a
random walk along the internal energy axis. To perform this modeling, one needs to have
information about the microcanonical dissociation rate of the molecule as a function of

internal energy. It is convenient to use the master equation in a matrix form as follows:

dN; (t) [kl,l kl,z k1,3 ] Nl(O)
dN, ()| _ | kapi kpp ka3 || N,(0)
ng(t) [k3,1 k3'2 k3,3 :"j N3(0)

(2.5)

where dN;(t) is the change in the population of an ion with time relative to the initial
population N;(0), and the first matrix in the right side of Equation 2.5 is called the J matrix
which includes rate constants of all the energy exchange and dissociation events. Matrix-
algebra techniques and computer software can be used to solve Equation 2.5 numerically to
predict unimolecular dissociation rate constants at different temperatures, which then can
be compared with the experimentally observed rates. For this purpose, some inputs are
required as follows: 1) an estimated value of Ey which can be varied to obtain the best fit
with the observed data, 2) radiative energy exchange coefficients which can be determined
by ab initio quantum calculations, and 3) dissociation rate constants that can be calculated
using RRKM theory. Therefore, using these inputs, the master equation is set up and solved
by adjusting Ep and the transition state parameters to give calculated rate constants at

different temperatures which are best fitted to the experiment.

So far, we know that by increasing the molecular size we can approach the REX limit, but the
guestion is that at which size can one be sure that the REX limit condition is fulfilled?

Actually, the answer to this question depends on different parameters such as temperature,
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type of the transition state, critical energy, dissociation rate, and radiative absorption and

12 Al of these parameters influence the relative rates of

emission properties of the ions.
absorption (ki,rq) @and emission (k.1 .q) Of infrared photons compared to the unimolecular
dissociation rate (k;), thereby indicating whether a molecular system is in the REX limit or
not. For instance, Price and Williams have shown that as E, increases and A decreases,
kinetics approaches closer to the REX limit,'** or if we consider the effect of temperature, as
it decreases, the dissociation rate decreases faster than the energy exchange rates. Under
this condition, a longer observation window is needed to see enough fragmentation.
Therefore, at low temperatures, the internal energy distribution is Maxwell-Boltzmann, and
kinetics goes toward the REX limit. On the contrary, at high temperature, the situation is
reversed and there is a considerable depletion (truncation) in the high energy portion of the
distribution, and accordingly a significant deviation from the REX limit especially for smaller
ions. Therefore, in BIRD experiments, it is preferable to work in the low temperature range,
and high storage time conditions. It should be noted that at very long trapping times, there
may be some possible problems related to the signal loss and consecutive fragmentations of
the fragment ions. For these reasons, it is better to avoid using overly long storage times.
From the above discussion, increasing the molecular size or critical energy, and decreasing of
the pre-exponential factor or experimental temperature leads to the approach of the REX

el 112
limit.

To sum up, BIRD is one of the most reliable and appealing techniques in providing direct
information about the dissociation energetics and type of transition state especially for large
molecular systems. In this thesis, we will employ BIRD technique, and use it for calibration of

temperature in other dissociation techniques.
Low-energy collision induced dissociation (low-energy CID)

Here in this thesis, by low-energy CID, we mean the collisional activation occurring in
guadrupole ion traps, although it can be performed in both quadrupole ion trap and ICR cell.
In addition, since almost all the experiments in this thesis were performed using a linear

quadrupole ion trap, here, a short introduction of this kind of ion trap is presented.
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Linear ion trap mass spectrometer

The quadrupole ion trap is a device which can function either as a mass analyzer or as an ion
trap for confinement of ions. By applying suitable potentials to the two ends of the
electrodes of the ion trap, a potential well is built inside the trap which enables storing of
the ions for a period of time. Afterwards, by linear scanning of the amplitude of
radiofrequency (RF) potential, each ion with specific mass to charge ratio (m/z) will be
ejected from the potential well at a special RF amplitude; enabling the quadrupole ion trap

to act as a mass analyzer.'"

-(U-V,cos Qt)

U-V, cos Qt

Figure 2-3- Quadrupole geometry. Each rod is located at the r, distance from the central axis."**

Linear ion trap consists of four metal rods which are arranged in parallel and have a distance
of ro from the central axis (Figure 2-3). Potential that is applied to each opposite pair of poles

is:

Y(t) = (U — Vycos Qt) (2.6)

where U is the direct current (DC) voltage and V; is the amplitude of radio frequency voltage
which oscillates with frequency of Q in the time domain. Quadrupole potential between four

parallel rods can be explained by:

48



BAYAT Parisa — These de doctorat - 2018

(x* —¥*)
®,(x,y,t) = = (U — Vycos 12t) (2.7)
0

Motion of ions in a pure quadrupole field in directions x and y can be explained by:

d*x  2ze
Iz + —-, (U—Vycos 2t)x =0 (2.8)
d*y 2ze
— = (U—=Vycos2t)y =0 (2.9)

dt?> mry?

where m is mass of ion, z is its charge, and e is the elementary charge. Re-writing Equations

2.8 and 2.9 by replacing the variables with dimensionless parameters as follows:

a, = a, = —Cly = WZT‘OZ (210)
4el,
Qu = 4x = —qy = m.Q_ZrOZ (2.11)
_ o 2.12
§=5 (2.12)
resulting in the equations of motion as follows:
d?x
d_fz + (ay — 2q4c052&)x =0 (2.13)
d?y
d_éz + (ay, — 2qyc0s2)y =0 (2.14)
or in general:
d"u + 2 2 =0 2.15

Equation 2.15 is called the Mathieu equation**® in which, a, and g, are called stability or
trapping parameters which are functions of RF frequency, m/z ratio of a given ion, and size
of the quadrupole (ry). In addition, a, is a function of DC voltage and g, is a function of RF
voltage. Above-mentioned Mathieu equation is defined for quadrupole having rods with

hyperbolic cross sections. Although rods with circular cross sections can be employed for
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fabrication of quadrupole, using rods with hyperbolic geometry, quality of the quadrupole
potential can be maintained at larger distances, and performance of mass spectrometer will
better. lons inside the ion trap oscillate with a combination of different frequencies. lons’

angular frequencies are given by:

)
Wyn = (271 + ﬁu)? n=0+142, .. (2.16)

where B, is normalized oscillation frequency and related to the trapping parameters of a,
and g,. Movements of ions in directions x and y in quadrupole field are completely
independent from each other and can be displayed using so-called stability diagram resulting

from solution of Mathieu equation (Figure 2-4).
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Figure 2-4- The Mathieu stability diagram for a linear quadrupole device.***™’

The operating region of the quadrupole mass analyzer is represented by | in Figure 2-4-a,
and also is shown separately in Figure 2-4-b. In general, ions remain in the trap only if they
have stable trajectories in both radial and axial directions. Therefore, in the stability diagram,
ions which fall in the overlap regions of x and y stability, will not collide with electrodes and

will stay in the trap.
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Let’s consider the position of the ions in different conditions of DC and RF voltages. When
U=0, and only RF field is applied: under this condition, according to Equation 2.10, a,=0, and
according to equation 2.11, g, value for heavy ions are lower than those for light ions.
Therefore, in the diagram, along the line a,=0, different ions will be arranged in a way that
high m/z ions fall in the left side (low g, value), and low m/z ions fall in the right side (high g,
value) of the diagram. If we increase the RF amplitude, g, will also increase, therefore, ions
will move further to the right side of the diagram. Now, if we also apply a DC voltage, this
causes the ions to move along the a, axis, in a way that lighter ions move further compared
to the heavy ions. The sequence that usually is used in linear ion trap mass spectrometer is
that, first, by applying an RF voltage to the rods, a range of m/z values (Equations 2.8 and
2.9) are allowed to be trapped. Afterwards, by linearly increasing the RF amplitude,
gradually, ions will move to the right side (high g, value) in the stability diagram, and pass
the boundary of g, = 0.908. This leads the ions to have unstable trajectories in both
dimensions, and eject through the slits present on the rods. Usually, in addition to the RF
voltage, an intense auxiliary (alternating current) AC voltage is used in resonance with the
secular frequency of the ions, just as the ions are being ejected. This AC voltage is applied
radially in order to energize the ions and help them to eject much more tightly through the
slits on the rods, thereby increasing the spectral resolution. This phenomenon is called mass-
selective ion ejection. In addition, this supplementary AC voltage can be used to remove
unwanted ions from the ion trap, for example, for isolating a precursor ion prior to doing
tandem mass spectrometry experiments. Finally, when a low amplitude of the AC voltage is

used, it can resonantly dissociate precursor ions of interest.

In spite of the quadrupole field, in higher order multipoles, movements of ions in directions x
and y are greatly coupled. In addition, in these cases, the solutions of the equations of
motion strongly depend on initial condition. Therefore, stability diagrams are not readily
derived. When trapping voltages are low, ion trajectories in RF multipoles can be

approximately expressed as follows:'®

N2 (ze)? V2

r
Ueff(r) = zeVeff(r) = TWT‘O_Z(E)ZN_Z (217)
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where Ugg(r) is the effective mechanical potential, Vs (r) is the effective electric potential,
and N is the order of multipole. Therefore, for a linear hexapole with N= 3, the effective
potential is proportional to r*, for a linear octopole with N=4, it is proportional to r° and so
on. This implies that in higher order multipoles, effective potentials near the central axis are

relatively flat, and near the rods, they increase rapidly (Figure 2-5).
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Figure 2-5- Plots of effective potentials for quadrupole, hexapole, and octopole fields.**®

A schematic of the linear trapping quadrupole (LTQ) instrument (Thermo Fisher®, San Jose,

CA) is represented in Figure 2-6. The inlet part of the instrument is an ionization source that
can be electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI),
atmospheric pressure photo ionization (APPI) ion source and so on. lons produced in the
source pass through a cone and a heated capillary (pressure of ~1 mbar), and then through
the tube lens, skimmer, first quadrupole ion guide (Q00) and first lens (LO). Then they

proceed to the next quadrupole ion guide (QO) (pressure of ~0.001 mbar).

Then, after passing Lens L1 and gate lens, they enter into the Q1 octopole ion guide which is
at lower pressure compared to the QO (pressure of ~3 x 10™ mbar). During the injection
time, Q1 directs the ions axially into the linear ion trap. Here we used the expression of “ion
guide” that can be defined as a linear RF multipole which is used to transfer the ions from

the ionization source into the mass analyzer. To convert a linear multipole into a linear ion
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trap, stopping potentials should be applied to the front and end of the electrodes to axially

confine the ions. Then by applying RF voltages to the rods, radial confinement is fulfilled.

Co[;wergion
ynode
lon Sweep ngiegpole Linear
Cone lon Trap
fon Transfar Skimmer Lens L1 Front Back
; Lens LO Qo0 Q1
Gaplliery [:22 Quadrupole GTG Lens Octapole
24 A_V_J L Y SN Vv
lon Source Q00 lon QO lon Q1 lon
Interface Guide Guide Guide

Mass Analyzer,
lon Detection System

Figure 2-6- Schematic of the linear trapping quadrupole (LTQ) instrument (Thermo Fisher®, San Jose,
CA).

In a linear quadrupole device, each rod has a front, a center and a back segment (Figure 2-7).
The central segment of the electrodes defines the trapping volume, and at least one of the
rods has a slot in its center segment to allow radial ejection of the ions into the detector.
Trapping of the ions in axial directions is achieved by applying electric fields to the ends of
the four hyperbolic rods and in the radial direction confinement of ions is done by applying a

guadrupole field to the rods.

Back
Section

Center
Section

Front
Section

Figure 2-7- Basic design of a two-dimensional linear ion trap.**

As it is represented in Figure 2-8, three separate DC voltages are necessary for the operation

of a linear ion trap: DC1, DC2 and DC3 which are applied to the front, center and back
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segments in order to inject and also axially trap the ions (Figure 2-8-a). Radial trapping of the
ions is achieved by applying RF voltage to all three segments of the opposite rod pairs
(Figure 2-8-b). Isolation, activation and ejection of the ions are accomplished by applying

resonance excitation voltage to the pair of rods which include the ejection slot (Figure 2-8-c).

y

DC1 DC2 DC3
[—b z

DC1 DC2 DC3
Axial Trapping
(a)

Y ”
L. () L.
Y

Radial Quadrupolar Trapping Radial Dipolar Excitation

(b) (c)

Figure 2-8-(a) Application of DC voltages for axial trapping of the ions, (b) RF voltages for radial
trapping of the ions, and (C) AC voltage for their excitation in the two-dimensional ion trap.**®

It is worth mentioning that in order to have a high mass spectral resolution, the secular
frequency of the trapped ions should be constant over the entire length of the ion trap. For
this reason, for radial ejection of the ions (by ramping RF voltage in the presence of an
intense supplementary AC voltage), fringe field distortions need to be avoided over the
whole length of the linear ion trap, to prevent changing of the secular frequency of ions. In
the configuration explained above, three sections are intentionally designed to stay away
from the problems due to the RF field imperfections in the region of the ejection slits on the
rods. At both ends of the quadrupole, because of the termination of RF fields, fringing field
effects are high. In these regions, coupling of the radial and axial fields and also prominence
of the higher-order terms in the potential can cause ejection of ions from unpredicted points
by the stability diagram, and as a consequence, low spectral quality results. Therefore, ions
that are intended to be ejected radially from the slits must be properly isolated from the
ends of the linear ion trap to avoid these fringing field effects. Figure 2-9 shows how a

configuration having three sections can solve this problem. In a device having three sections
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(Figure 2-9-a), the radial dipole field is consistent along the entire the center section and it
has no axial component. However, in the single section trap (Figure 2-9-b), the dipole field
has a significant contribution of the axial component near the two end lenses leading to

unexpected axial excitation, and as a consequence, axial ejection of ions.

(b)

Figure 2-9- Fringing field effects at (a) a three section and (b) a single section linear ion trap.**

The next point is that, generally, ions in a multipole are not necessarily at the stability
boundary. The presence of a light gas inside the multipole leads to the collisions of ions with
the gas, resulting in the loss of kinetic energy of the ions. This, in turn, brings the ions
towards the center of the multipole which has lower effective potential. This process which
is called collisional cooling, not only helps to thermalize the ions to the temperature of the

bath gas, but also improves the ion transmission through the multipoles.***

After this brief introduction of the linear quadrupole mass spectrometer which is employed

in this thesis for performing low-energy CID experiments, we focus on this technique itself.
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Low-energy CID

In 1997, McLuckey and Goeringer, provided a context for classification of different activation
techniques by explaining some figures of merit such as activation time scale, amount of
deposited energy on the ions, feasibility to change the deposited energy and its distribution,
the form of the energy deposition (vibrational or electronic), time scale of the mass
spectrometer, and efficiency of the fragmentation which depends on the dissociation rate
constant.'® Based on the above-mentioned figures of merit, an activation technique can be
considered as fast, slow, or very slow. In fast activations, the rate of energy deposition is
high compared to the unimolecular dissociation rate, and they usually involve a single high-
energy collision. However, slow activations usually involve multiple lower energy collisions
having a delay interval of around tens to hundreds of microseconds between the discrete
collisions. Therefore, between individual collisions, dissociation and isomerization of
precursor ions is possible. Similar to the slow activations, "very slow" activations include
occurrence of multiple collisions, however, in this case, deactivation processes can happen
between the individual collisions. Therefore, a sort of equilibrium can be established

between activation and deactivation.

According to the above classification, low-energy CID with its multiple collision property and
very long time scale, which facilitates deactivating phenomena, belongs to the very slow
activation techniques. In fact, low-energy CID is analogous to the BIRD technique from this
point of view that both methods involve multiple activation and deactivation processes. In
the ultra-low pressure condition of the BIRD experiments inside the FT-ICR mass
spectrometer, ions experience no collision, and absorption and emission of infrared photons
is responsible for the activation and deactivation processes. However, in the high pressure
environment of low-energy CID experiments inside the ion traps, ion-neutral collisions are
responsible for heating or cooling of the ions. In both cases (BIRD and low-energy CID),
relative rates of the activation/deactivation processes to the unimolecular dissociation rate,
defines the internal energy distribution of the ions as well as the dissociation kinetics. When
the rates of the activation/deactivation processes far exceed the rate of the unimolecular

dissociation, the rapid energy exchange condition**? can be established. In this condition, the

56



BAYAT Parisa — These de doctorat - 2018

precursor ion population can have a Maxwell-Boltzmann distribution of internal energy, and
the Arrhenius equation can be used to explain the dissociation kinetics. On the contrary,
when the rate of unimolecular dissociation far exceeds the activation and deactivation rates,
the excitation rate defines the dissociation kinetics. Under this condition, the higher energy
portion of the population will dissociate fast and internal energy is described by a truncated

Maxwell-Boltzmann distribution.®’

In low-energy CID, typically helium (He) at a pressure of around 1 mTorr is used as the buffer
gas. The buffer gas not only helps deceleration, thermalization and trapping of the ions in
the center of the ion trap, but also, it is used for collisional activation of the ions. Various
techniques have been employed to accelerate the ions inside the ion traps to collide with

122-126

buffer gas; among which the resonance excitation is the case in our low-energy CID

experiments.m'127

In the quadrupole ion trap, a radio frequency (RF) voltage is used for
trapping of the ions. Depending on the frequency and amplitude of this RF voltage as well as
the ions’ mass to charge ratio (m/z), every ion moves with a special frequency inside the ion
trap which is called its secular frequency. In resonance excitation, a supplementary AC
voltage with the same frequency as the secular frequency of precursor ions is applied to
excite them leading to collisions with buffer gas and conversion of their kinetic energy to
internal energy. Despite the relatively low energy deposition, a wide variety of ions can be
dissociated using this technique due to its multiple collision nature as well as its very long
time scale (tens of milliseconds to tens of seconds). This long time scale allows access to very

slow dissociation pathways, and possible rearrangement of the precursor ions before

decomposition.

One of the main advantages of very slow activation methods performed in trapping devices
is that they allow the study of dissociation energetics by measuring the dissociation rates at
different ion temperatures. Using the BIRD technique that was explained in the earlier
sections, direct measurement of activation parameters (activation energy and pre-
exponential factor) can be achieved, provided that the rapid energy exchange condition is
fulfilled. Basically, it should be possible to use low-energy CID to perform the same

guantitative measurements. However, special attention must be given to the fact that in this
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technique, in contrast to BIRD, we are not dealing with the real temperature of the ions.
Therefore, a primary step is determination of the effective temperature of the ions under
the employed experimental conditions. In the absence of collision voltage, the initial
temperature of the ions inside the ion trap is equal to that of the bath gas. By acceleration of
the ions using an additional source of energy, their internal temperature increases above
that of the temperature of the bath gas. This acceleration can be performed by different
methods'?12>126128129 jika heating the buffer gas,****' applying a resonant excitation

132133 atc, Using either of the mentioned acceleration techniques, the first question

voltage,
that must be addressed is whether the ions absorb any power from the applied radio
frequency trapping voltage or not, a phenomenon which is called RF-heating. In 1999, Asano
et al. examined the dissociation rates of protonated leucine enkephalin and its b,* fragment
ion at different bath gas (He) temperatures, and in the absence of any excitation electric
field.** They observed that the amplitude of RF trapping voltage has a minimal influence on
the internal temperature of the ions inside the trap. Therefore, one can perform kinetic
experiments inside the ion trap (under normal ion storage conditions, e.g. a, = 0, g, = 0.1-
0.3) by heating the bath gas, and measuring the activation parameters with confidence that
the temperature of the ions is characterized by the bath gas temperature.134 It should be

noted that as the mass of the ions increases, and the mass of the bath gas decreases, this

approximation gets closer to reality.”**

When ions are accelerated using a resonance excitation voltage, the above-mentioned
approximation (absence of RF-heating due to the trapping voltage) is still valid. However,
one complication that exists in this case is that one needs to precisely determine the relation
between the AC excitation voltage and the internal temperature of the ions inside the
guadrupole ion trap in order to be able to measure activation parameters from kinetic
experiments. In 1996,**"** Goeringer and McLuckey employed the kinetic theory of ion
transport in gases in order to calculate effective temperature of the ion population inside the
3D ion trap at a steady-state condition. They observed that for ions in an atomic gas,
effective temperature is the temperature corresponding to a Maxwell-Boltzmann
distribution of internal energy. By this, they showed that collisional excitation inside the ion

trap produces an ion population with a thermal distribution of the internal energy. Then,
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they performed a random walk simulation for collisional energy transfer, and observed that
the calculated average internal energy from this simulation is equal to that of a true
Maxwell-Boltzmann distribution at the same internal temperature. They used some essential

assumptions in their model as follows:

1) The number density of the bath gas inside the ion trap is much more than the ions.
This assumption allows one to ignore ion-ion collisions.

2) The energy absorption per unit time is low and as a consequence, competition
between collisional activation and deactivation processes will define the internal
energy distribution.

3) Spontaneous radiative deactivation is much less probable than collisional
deactivation.

4) Between activation and deactivation events, internal energy is distributed among

many degrees of freedom.

To begin, considering a low number density of ions inside a high number density of a neutral
gas, when a weak and uniform electric field is applied to this ion population, the ions move
in the direction imposed by the electric field (E;) with a drift velocity of uy. Since in this
condition, ions move with the constant velocity, the force that is imposed on the ions by the
electric field, has to be equal to the loss of momentum per time unit due to collisions with

the neutral gas:

eE, = pvyv (2.18)

In Equation 2.18, e is the charge of the ion, v is the ion-neutral collision frequency, and u is

the reduced mass which is defined as follows:

mionmgas

(mion + mgas) (2.19)

M =
In which, mjo, and my,s are the masses of the ion and neutral gas, respectively. Under
condition of a weak electric field, vy is much slower than random thermal motion and can be
ignored. Therefore, ions are almost in thermal equilibrium with the bath gas and their mean

kinetic energy is given by:
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%mionﬁﬂ) = (3/2)kTparn (2.20)

in which, <u®> is the mean square velocity of the ion, k is the Boltzmann constant, and Ty, is
the bath gas temperature. When the electric field increases, the mean velocity of ions will
obtain a random field component, and vy cannot be ignored anymore. In this condition, the

mean ion kinetic energy will have three main components as follows:**

1
Emionwz) = Emionvé + Emgasvgl + Emgas(V2> (2.21)

in which <V> is the mean square velocity of the neutral. The first term on the right-hand
side of Equation 2.21 corresponds to the drift motion of the ions due to the electric field; the
second term corresponds to the random motion due to the electric filed, and the third term
is related to the random thermal motion in the absence of the electric field. Two latter terms
are related to random motion of the ions, and since ion temperature is also explained as
stochastic motion, the total ion energy due to the random motion can be expressed as
follows:
3 1

1
EkTeff = Emgasvczl +§mgas<vz> (2.22)

In Equation 2.22, the second term on the right-hand side is completely thermal (1/2mgas<v2>
=3/2 kTpan). By rearrangement of Equation 2.18, uy can be given as follows:
ek,

= 2.23
Uq L ( )

In addition, the steady state power absorption from the electric field, A(o), can be given by

Equation 2.24:

A(o) = eE vy (2.24)

By rearranging and replacing of Equation 2.23 in 2.24, we get to Equation 2.25:

A()
uv

V2 = (2.25)

By replacing the Equation 2.25 in 2.22 and solving Equation 2.22 for Tz, we obtain:
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(oe}
Teff = Tbath + W— (226)

in which, € is the reduced collision frequency and is given by:

E=v [Al (2.27)

Mion + mgas

In Equation 2.26 which is extracted from momentum transfer theory, it is assumed that the
reduced collision frequency is not a function of effective temperature. Employing the
Boltzmann theory of ion transport results in a more accurate equation for effective

temperature as follows:**?

Myes  A()
Terr = Thath + 55—
IS P T B g € (Tosr)

(2.28)

Equation 2.28 is very similar to Equation 2.26 except that in this case, reduced collision

frequency is a function of effective temperature, and is given by Equation 2.29:13¢

SZ(Teff) = §Nneutral@ T oD (Teff) (2.29)

in which N,euirar is the number density of bath gas, and Q(l'l)(Teff) is termed as "collision

integral” that is related to the ion-neutral interaction potential.137

Using the Boltzmann theory of ion transport employed above for deriving an equation for
effective temperature, a main limitation is that it considers that ion-neutral collisions must
be elastic, and ion-neutral interaction potential has to be spherically symmetric, which limits
the validity of the obtained relation for T.s to only atomic ions in atomic gases. For
polyatomic ions and polyatomic neutrals, instead of the Boltzmann equation, an analogous
kinetic equation, namely the Wang Chang—Uhlenbeck—de Boer (WUB) equation®® is used
which considers inelastic collisions in the treatment of ion kinetics. By solving the WUB
equation assuming that the internal energy distribution is characterized by an internal-state

temperature T;, effective temperature for polyatomic systems is given by:
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Mgas _A(®)
3knlion f(Teff)

m
1+ [ gas] Y(Tesr Tis Thatn)

Tpaen +

on

in which, the fraction of energy which is lost due to the inelastic collisions is indicated by a
dimensionless parameter y that is a function of T.g, T; and Tpa. In the case of heavy ionsin a
light bath gas, mion >> mgyqs, and therefore, effective temperature of the ions in inelastic ion-
neutral collisions (Equation 2.30) becomes similar to Equation 2.28 for elastic ion-neutral
collisions. It should be noted that T; is not necessarily equal to T and in fact their relation
depends on the cross section for inelastic ion-neutral collision versus the cross section for
elastic collision. In a special case, when we have polyatomic ions in an atomic bath gas, the
change in internal energy happens only in the ion, and as a consequence, T; is equal to T.g at

steady state condition.

So far, a relation for effective temperature of the ions as a function of power absorption,
A(o), in an electric field is obtained. For quantitative evaluation of T.s, the preliminary step
is determination of A(m) in the experimental acceleration condition. Goeringer and
McLuckey,***** derived the equation for A(m) in the case of a supplementary AC resonance
excitation voltage which is applied to end-cap electrodes. For this purpose, they employed

the equation for a forced damped harmonic oscillator.

For a harmonic oscillator (ideal spring-mass problem), according to Newton’s second law:

d?z

mﬁ+k2=0 (231)

where k is the spring constant, related to the angular frequency wq by:

k
w0y = | (2.32)

where m is the mass of the oscillator. In our case (resonance excitation inside the ion trap),
an external force from AC voltage, in resonance with the secular frequency of the ion motion

in the z direction, is applied to the ion which is given by:
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F(t) = eE cos(wgt) (2.33)

where e is the ionic charge, E; is the supplementary AC electric field and wy is its angular
frequency. Therefore, for a forced harmonic oscillator we have:
d?z eE

— +twiz =
2 0
dt Mion

cos(wst) (2.34)

The motion of ions inside the Paul trap, has two fundamental frequency components: one in

the radial direction, w,o, and one in the z direction, w, o, which are generally given by:

1
Wyn = (n + Eﬁu) {, n=04+1+2,.. (2.35)

where B is the normalized oscillation frequency and related to the trapping parameters: a
and g. Q is the radial frequency of the RF trapping voltage applied to the ring electrode. In
the current case, the supplementary AC excitation voltage is in resonance with the secular
frequency of the ion motion in the z direction. Therefore, from Equation 2.35, the
fundamental z-motion frequency w,o is B(Q/2). In addition, during excitation of ions inside
the ion trap, oscillation of ions is damped by collisions with the bath gas. Therefore, for
forced and damped harmonic oscillation of ions, the balance of forces based on Newton's

second law is given by:

d?z
dt?

dz ( 2\*  TeE
+ €E + (ﬁ —) z=— cos(wt) (2.36)

2 ion
where the second term in the left side is added for damping by ion-neutral collisions, and T is

a factor for compensation of the hyperbolic geometry of the endcaps.133 At steady state

condition, solution of Equation 2.36 is given by:

I'eE;
z(t) = . 7 cos(wgt — §) (2.37)
Mion l(wg - (‘)52)2 + 4 (g) (1)52
w
tand = %62 (238)
(1)0 - (,l)s

63



BAYAT Parisa — These de doctorat - 2018

In the above equations, & is defined as the phase angle at t = 0. Power absorption in the

excitation AC electric field is given by:

A o fzn/wsf 2dt [Pelfi ol 2.39
) = — = .
) =2m), VU (e — w)? + Sl (239

For resonant excitation, wg is equal to the w;and therefore, A(co) becomes:

A(w0) = —— (2.40)

Replacing Equation 2.40 in Equation 2.30 results in an expression for the effective

temperature of heavy ions as follows:

Torr = Tyaen + —— 888 [E;
T T TPt T 6k (m)2)2,, € (Tefs)?

ion

(2.41)

Equation 2.41 was preliminarily extracted for the resonant excitation of ions inside the Paul
trap, however, in our LTQ, because precursor ions are similarly excited by applying a dipolar-
resonant excitation voltage to one pair of quadrupole rods, the same equation is applicable
as well. The differences in the geometry of LTQ and Paul trap appear in their associated
compensation factor, I'. Therefore, we employ Equation 2.41 in latter chapters for calibration

of the effective temperature of ions under resonant excitation in the LTQ.

Higher-energy collision dissociation (HCD)

HCD is a fragmentation technique which is available in LTQ/orbitrap hybrid mass
spectrometers. Initially, the idea for developing this technique was in view of performing
triple quadrupole-like fragmentation by isolation of the precursor ions in the LTQ and then

139 C-trap is a curved liner ion trap located between LTQ

dissociation of them inside a C-trap.
and orbitrap, and its initial purpose is storing the ions before being analyzed in the orbitrap.
Mann and co-workers performed ions’ dissociation inside the C-trap by increasing its
radiofrequency voltages up to 1000 V higher than the normal value, which was 1500 V peak

139
k.

to pea The configuration of this fragmentation technique which is called higher-energy

C-trap dissociation is presented in Figure 2-10. First, precursor ions of interest are isolated in
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the LTQ. Then, by reducing the voltage (see inset at the top of Figure 2-10), they are allowed
to pass through a transfer octopole and enter to the C-trap. In the C-trap, under the
influence of accelerating voltage, ions experience collisions with the nitrogen gas at a
pressure of about 1 mTorr, and then dissociate. Afterwards, remaining precursor ions and
produced fragments are transferred into the Orbitrap for analysis. The main limitation of this
configuration is the unsatisfactory trapping efficiency of the low mass ions at the increased
radiofrequency voltage. As a matter of fact, normally, the C-Trap has a high trapping
efficiency for both low mass ions and high mass ions. But, during HCD, ions enter to the C-
trap with a high kinetic energy, and due to the curved geometry of the C-trap, high mass ions
are especially susceptible to be lost. To reduce this problem, it is necessary to increase the
amplitude of the radiofrequency voltage which in turn moves the low mass cut off (LMCO)

limit to higher m/z values.

Potential Gas <1 mtorr
(i) (ii) (iii)
Y
X
ESl source Linearion trap (LTQ)

Orbitrap

Figure 2-10- Original configuration of HCD where fragmentation takes place in the C-trap.™*

To overcome this limitation, a second configuration for HCD was introduced, where a
dedicated octopole is used as the collision cell instead of the C-trap. This octopole collision
cell is located after the C-trap, and contains nitrogen as a collision gas (~ 5 mbar). This
configuration is presented in Figure 2-11. An RF voltage with a frequency of 2.6 MHz, and a

peak-to-peak voltage of 500 V is applied to the octopole. In addition, a DC offset which can
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be varied between -250 V to +250 V is applied for excitation of the ions. Here, precursor ions
of interest are isolated in the LTQ, and then, they pass through a transfer octopole and the
C-trap to enter into the octopole collision cell. After fragmentation, all the ions are
transferred back to the C-trap by increasing the potential of the octopole, and then they will

be injected into the Orbitrap for high resolution mass analysis.

LTQ C-Trap Il Octopole
11 Collision Cell

Stage 1.HCD in @®-— | L |
octopole collision cell [ ._;\ J
(10..20 ms duration) |0 +6V \‘\ Oct 2 DC

! \ | [Offset =

: 1 HCD" CE
Stage 2.Transfer (10.-250 V)
fragment ions to the
C-trap (10..30 ms + SVI/\ 5 ece /|
duration) 0 o e 6V

ESI LTQ C-Trapll  Octopole

}[‘ O | Collision Cell

Orbitrap

Figure 2-11- Second configuration of HCD where fragmentation takes place in a dedicated
octopole.***

In this configuration, problems related to the curved geometry of the C-trap, and also LMCO
do not exist anymore, and access to the low m/z range is feasible. Another advantage of
performing HCD in the dedicated octopole collision cell is the possibility to change the type
and pressure of the collision gas. Changing the pressure of the gas was not possible in the C-

trap due to its influence on the pressure of the Orbitrap.

In this thesis, we use the HCD dissociation technique for ranking the stabilities of a series of

host-guest (H-G) complexes in the gas phase which will be discussed in Chapter 6.
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Chapter 3: Low-energy CID, CID and HCD
mass spectrometry for structural elucidation
of saccharides and clarification of their

dissolution mechanism in DMAc/LiCl
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Introduction

Cellulose consists of a network of very long-chain saccharides composed of D-glucose
monomers, bearing the general formula (CgH100s)..*° This carbohydrate which is the main
constituent of plant cell walls, has a plethora of applications including use in the fabrication
of numerous products such as paper, wood, textiles, cosmetics, pharmaceuticals, and

140-122 one of the main distinctive characteristics of cellulose is its

insulating materials.
insolubility in common solvents. This resistance to dissolution is largely due to the presence
of a very strong inter- and intra- molecular hydrogen bond network that extends along its
three-dimensional structure. Research efforts have focused on finding viable solvent systems
capable of dissolving cellulose, and among those reported to offer success are NaOH-

water,***** Urea/NaOH/water,** N-methylmorpholine N-oxide (NMMO)/water,**® ionic

quuids,w'148 and N,N-dimethylacetamide/lithium chloride (DMACc/LICI). 210

DMAC/LICl is an unconventional solvent system which is capable of dissolving large
carbohydrates such as cellulose which are not soluble in common solvents. So far, various
condensed phase studies have been performed in order to investigate the dissolution
mechanism of cellulose in DMACc/LICl. Generally, two different mechanisms have been
proposed. First, McCormick et al.’>* in 1985 suggested that during the dissolution process, Li*
cations are coordinated by the carbonyl group of DMAc, making macrocations of the form
Li'(DMAc),. At the same time, ClI” anions interact strongly with the protons of the hydroxyl
groups on the cellulose, and consequently perturb the hydrogen bond network inherent to
cellulose. This proposed mechanism did not portray any direct interaction between Li* and
the sugar. In 1992, however, Morgenstern et al.’>* hypothesized that during dissolution, one
of the DMAc molecules in the coordination sphere of Li* is replaced by one hydroxyl oxygen
of the sugar. In this way, a direct interaction between lithium and cellulose is achieved,
thereby involving both Li* and CI" in the disruption of the hydrogen bond network of

1.3 tried to revise previously proposed mechanisms, and they

cellulose. Recently, Zhang et a
explained that in the absence of sugar molecules, Li* and CI" ions in DMAc exist in the form of
ion pairs. During dissolution of a sugar, ClI" ions start to interact strongly with hydroxyl

protons of the sugar resulting in a breaking apart of its hydrogen bond network. At the same
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time, Li* ions become solvated by DMAc molecules resulting in further separation of Li*-CI’
ion-pairs. This process results in dispersion and eventual dissolution of cellulose chains in the
solvent system. The above studies offer a coherent picture of the dissolution mechanism of
cellulose, with the only discrepancy between the proposed mechanisms being the point
about the presence or absence of a direct interaction between Li* and the sugar. In this
chapter, electrospray ionization mass spectrometry has been employed to shed additional
light on the previous findings in order to gain a better understanding about the precise
dissolution mechanism of sugars in DMACc/LICl. This approach can provide some unique

information that can be complementary to data obtained using other techniques.

In addition to the interest in the mechanistic aspect of saccharides dissolution, mass
spectrometry-based techniques have made significant analytical contributions to the

structural elucidation of carbohydrates.”* "’

Complete, unambiguous structural
determination of large sugar molecules can be a daunting task owing to the large variety of
monomers, linkage types, branching, and anomeric configurations that are possible. Using
ESI-MS, sugars are usually detected as metal adducts or protonated molecules™® in positive
ion mode, or as anionic adducts or de-protonated molecules in the negative ion mode.
Generally, MS/MS experiments on sugars produce two types of fragments: product ions that

result from glycosidic bond cleavages, involving rupture of a single bond, and those that

result from more complicated cross-ring cleavages.

One of the metal ions that has been extensively investigated for ionization and structural

. . . . . . . 159-161
characterization of saccharides is lithium ion.>**®

Leary and co-workers utilized fast atom
bombardment to produce mono-lithiated™®® and di-lithiated*®*'®* adducts of isomeric
oligosaccharides. They then employed tandem mass spectrometry experiments to
differentiate linkage type and position in various isomers. They also elucidated dissociation
mechanisms of mono- and di- lithiated adducts of disaccharides.'®>*** In 1994, Ngoka et
al.®® investigated metastable decay rates of protonated and metal coordinated
oligosaccharides, and they observed the order of decay rate as follows: H* > Li* > Na* > K* >
Cs". In comparing the relative affinities of the alkali cations towards oligosaccharides (Li* >

166

Na® > K" > Cs*), as was suggested earlier by Veith in 1977, Ngoka et al. explained that
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among the alkali metals, lithium is the best option for structural analysis of sugars because it
strongly coordinates to the sugars, stays attached to them during fragmentation processes,

and produces structurally-informative fragment ions,*°%16>167168

In the current work, the main goal is to use tandem mass spectrometry techniques, namely
low-energy CID,** CID and HCD™ to: 1) evaluate and compare the capabilities of these
techniques for structural characterization of sugars and, 2) improve current knowledge
about the dissolution mechanism of sugars in DMACc/LICl. For this purpose, we extend the

7% which demonstrated the production of multiple neutral

work of a previous ESI-MS study
salt adducted lithiated sugars. Our re-examination investigates MS/MS fragmentation
patterns of these LiCl adducts and their potential use for structural elucidation of two model

carbohydrates, maltoheptaose (G;) and maltodecaose (Gyp).
Experimental section

Maltodecaose and maltoheptaose were purchased from Elicityl (Crolles, France). N,N-
Dimethylacetamide, and LiCl were purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Preparation of stock solutions was performed with the same method as explained in

170 Briefly, stock solutions (concentration of sugar: 0.3 mM, and

a previously published paper.
LiCl: ~ 2.3 mM) were prepared as follows: solvent was heated to 100°C, then sugar was
added and solution was stirred and heated for 30 min. Vials were then capped and heated
and stirred for another 30 min. Next, at 80°C, LiCl was added and stirred for 2 hours.
Afterwards, overnight stirring was performed at 50°C. Working solutions were prepared by

dilution of the stock solution to the final concentration of 10 uM (sugar), and ~ 70 uM (LiCl).

Experiments were performed using a LTQ-XL/Orbitrap hybrid instrument (Thermo Fisher®,

San Jose, CA). ESI-MS acquisitions were performed in the positive ion mode using a mass
resolving power of 3 x10* at m/z 400. Average scan number was set at 2, and maximum ion
injection time at 500 ms. Electrospray voltage was set at 3.8 kV, capillary voltage at 30 V, and
tube lens offset at 70 V. Drying gas temperature was 275°C, and sheath, auxiliary and sweep
gas (all were N;) flows were set at 35, 0 and 2, respectively (arbitrary units). Solutions were

injected into the ion source using a syringe pump with a flow rate of 5 pLmin™.
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For HCD experiments, the precursor ions were isolated with an isolation window of 10 m/z
units in the LTQ. These ions were decomposed in the HCD cell with an activation time of 30
ms, using N, as collision gas and finally analyzed in the Orbitrap. For CID experiments, helium
was used as trapping and collision gas, g was set at 0.25, activation time at 30 ms and
isolation window at 10 m/z units. To obtain time- and energy-dependent fragmentation
efficiency curves, the instrument was set to “ion trap mass analyzer”, and instead of
normalized collision energy (NCE), peak-to-peak excitation voltage (V,.,) was utilized. In
addition, activation time was changed from 1 s to 60 s, and activation voltage was varied
from O to about 3 V. Detailed explanations about CID and HCD decomposition modes in

LTQ/Orbitrap hybrid instrument were presented in a previous publication.'”*
Results and discussion

Before presenting our findings, it should be noted that Domon and Costello nomenclature”
has been used for annotation of the observed fragment ions. In addition, because of the
symmetry of the G; and Gy model oligosaccharides investigated in this study, there is one
ambiguity as to the exact origin of some fragment ions that may be formed from specific
decompositions at both the reducing and non-reducing ends of the saccharide chains.
Therefore, both possible types of product ion (having the same m/z) are displayed in the
cleavage maps, and also in the spectra (in parentheses). Differentiation of these kinds of
fragments is beyond the scope of the current work, however, it can be performed with the

help of isotopic IabeIIing.173

Figure 3-1 shows the ESI mass spectrum of Gy dissolved in DMACc/LICl. Similar to what has
been observed previously,170 in this spectrum, the presence of m/z 1159.4 which is [G+Li]"
and neutral LiCl attachments to this ion: [Gs+Li+nLiCl]*, are evident (n is the number of LiCl
adducts). For instance, 1201.4 is attributed to [G,+Li+LiCl]*; 1243.4 to [G,+Li+2LiCl]*; 1285.4
to [Gy+Li+3LiCl]"; 1327.4 to [Gs+Li+4LiCl]" and so on.
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Figure 3-1- ESI mass spectrum of the maltoheptaose dissolved in DMAc/LiCl. Presence of multiple LiCl
adducts of lithiated maltoheptaose is evident in the spectrum.
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Figure 3-2- ES| mass spectrum of maltodecaose dissolved in DMACc/LiCl. The presence of multiple LiCl
adducts of lithiated and sodiated maltodecaose, and also NaCl adducted to the sodiated
maltodecaose are evident in the spectrum.

In the ESI mass spectrum of Gy dissolved in DMAc/0.01% LiCl, the same multiple neutral LiCl
attachments were observed (Figure 3-2). However, in this case, sodium-bound sugar, and
NaCl adducts of the sodiated and lithiated maltodecaose were also observed, implying

sodium contamination.
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Figure 3-3 presents low energy CID spectra of [Gs+Li]" acquired using the ion trap mode of
the mass spectrometer. From this figure, at very low peak-to-peak voltages of 2.2 or 2.6 V,
and a quite long activation time (60 s), the major observed fragments are [>*Xg(**A;)+Li]*
and [Gs+Li-H,0]". Other lower intensity fragments include Yg(Cs), Zs(Bs), Ys(Cs), Zs(Bs), Ya(Ca)
and Z4(B4). It should be noted that the peak at m/z 779 in Figure 3-3, most probably, is
resulting from dissociation of a contaminant precursor ion located near the precursor ion.

This was due to the relatively large employed isolation window of 10 m/z units in the LTQ.
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Figure 3-3- CID MS/MS spectra of M= [G+Li]" precursors obtained with 60 s activation time and at
collision voltages of (a) 2.2 V, and (b) 2.6 V using a linear ion trap mass spectrometer.

Figure 3-4 exhibits CID and HCD spectra of [G;+Li]" and [G1o+Li]" (the corresponding cleavage

maps are presented in Figure 3-5). It should be noted that the reason for presenting the CID
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and HCD spectra in dissimilar m/z ranges is that in the CID technique due to the low mass cut
off we are not able to observe low m/z ions. However, in the HCD technique, this problem
does not exist, and access to low m/z ions is possible. From the spectra, it is evident that, in
both CID and HCD, fragments resulting from glycosidic bond cleavages are dominant.
However, in CID, fragment ions resulting from cross-ring cleavages (mainly 2% and *?X,, or

O’ZAM and 2'4An+1 types) are present as well.
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Figure 3-4- (a) CID spectrum of M= [G+Li]" (NCE of 17 %) and (c) its HCD spectrum (NCE of 45 %); (b)
CID spectrum of M= [Gyo+Li]" (NCE of 24 %) and (d) its HCD spectrum (NCE of 45 %). Peaks of
fragments containing one metal ion are shown in red. Because of the LMCO, access to the low m/z
fragments in the CID spectra of (a) and (b) was not possible.

As is already well known, and based on time and energy dependent fragmentation efficiency
curves'® performed on [G;+Li]" (Figure 3-6), formation of cross-ring cleavage fragments is
less entropically favorable than formation of glycosidic bond cleavage fragments. In fact, the
fragments whose production involves extensive rearrangements (e.g., cross-ring cleavages)
exhibit a strong time dependence in the time- and energy dependent fragmentation
efficiency curves (**Xg(**A;) and [G+Li-H,0]" ions in Figure 3-6) and their formation is

105,97

entropically unfavorable. In other words, rearrangement of the precursor ion is a slow

74



BAYAT Parisa — These de doctorat - 2018

dissociation, and that is why this strong time dependency is apparent for this kind of process.
However, for fragments resulting from glycosidic bond cleavages, a time dependency is less

evident (Y(C) and Z(B) type fragment ions in Figure 3-6).

(a) CID: Go+Li*

HO, HO,

. o . Bo H 24 “;“‘
< Vo 4 BN
OHY ¢, O OH ¢ " H

%2p10

.
OH;
By Ts

Figure 3-5- Cleavage maps related to (a) CID of [G+Lil]" (NCE of 17 %) and (b) its HCD (NCE of 45 %);
() CID of [Gy +Li]" (NCE of 24 %) and (d) its HCD (NCE of 45 %). All the displayed fragments contain
one Li*. (The [precursor ion-H,0]" fragment is not shown in the maps.)

Based on the above observations, we can expect that a plot of logarithm of dissociation rate

constant (log k) versus deposited internal energy for [Gs+Li]" or [Gio+Li]" would be

qualitatively similar to the one which is presented in Figure 3-7a.
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Figure 3-6- Time- and energy-dependent fragmentation efficiency curves for the [G,+Li]* precursor
and its fragments at reaction times of 1s, 5s, 10 s, 30 s and 60 s. Relative intensities for each type of
fragment are combined. For instance, in the plot labeled Y, intensities of all the Y type ions are
summed together. In the case of [Z*Xs(*>’A,)+Li’, this ion was the only fragment from this type that
was observed. Plots of total ion current using different reaction times are also presented.

It should be noted that, for improved clarity, the pathway corresponding to the loss of water

is not shown in Figure 3-7a. In this figure, Eqp, is the appearance energy, i.e. the minimum

energy that must be acquired by the precursor ion to produce fragments in the time scale of

the mass spectrometer.
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Figure 3-7- (a) Schematic plot representing logarithm of dissociation rate constant versus deposited
internal energy for [sugar+Li]’, and (b) that of [sugar+Li+LiCl]". Internal energy distributions during
low-energy CID, CID and HCD processes are also displayed. The portion indicated with gray color
corresponds to the surviving population at the end of the decomposition time. (c) Comparison of the
three techniques of low-energy CID, CID and HCD.
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Figure 3-7 also schematically displays the evolution of the internal energy distribution of
precursor ions with time for HCD, CID and low-energy CID processes. By considering a
reaction time of 5 ms for HCD and 1 ms for CID*"* (log k of 2.3 (pink line) and 3 (blue line),
respectively, Figure 3-7a), it is evident that in both CID and HCD, the rates of glycosidic bond

cleavage processes are higher than those of cross-ring cleavages (Figure 3-4).

In low-energy CID, because of the relatively high pressure of the bath gas (He), and also the
long residence time of the ions inside the ion trap, the precursor ion population experiences
a large number of collisions. In addition, considering the large size of the precursor ion and
also the low amount of internal energy that is acquired by the precursor ion (compared to
the HCD and CID processes), it can be expected that the rates of the activation and de-
activation processes are comparable, or even higher, than the dissociation rate of activated
species. As a consequence, the precursor ion population has a thermal (Maxwell-Boltzmann)
distribution of internal energy. In this condition (low internal energy and long decomposition
time), mainly competitive processes, yielding fragment ions just above threshold energy, can
be observed. Moreover, according to Figure 3-7, product ions arising from cross-ring
cleavages are expected to be dominant. This is consistent with the observed fragmentation

spectra appearing in Figure 3-3.

In CID under short excitation time (30 ms) and higher deposited energy (compared to low-
energy CID), the decomposition time is shorter than the activation time and the population is
not in thermal equilibrium. Instead, it is characterized by a slightly truncated thermal
distribution which is in equilibrium.*”* In other words, initially, the precursor ion population
has a thermal distribution of internal energy. At higher collision energies and thus increased
internal energy, the higher energy part of the population is decomposed but becomes
partially replaced by a new activated population that acquires energy later in the activation
process. Therefore, the internal energy distribution will remain thermal during the activation
process with a slight truncation at the higher energy portion of the population. Notably, it is
not possible to sustain the survival of high energy precursor ions because this population is
decomposed prior to reaching very high energies. Thus, in CID, competitive fragmentations

may be observed but consecutive decompositions are disfavored.
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On the contrary, in HCD, a high amount of energy is deposited on the ions in a very short
time (maximum 5 ms). Again, initially, the precursor ion population has a thermal
distribution of internal energy, but upon internal energy uptake, the high energy tail of the
distribution is decomposed. However, in this case, because energy deposition occurs all at
once, in a pulsed fashion, the dissociated population cannot be replaced by a subsequently
activated population. Therefore, we have a distribution of internal energy which is not in
equilibrium, and is truncated on the high-energy end. It should be noted that compared to
CID, HCD results in a broader distribution of precursor ion internal energy which is a result of
the higher deposited energy, the larger size of the collision gas (N, versus He) and the
shorter excitation time. Furthermore, in HCD, a non-resonant process, access to higher
energies is possible compared to CID. Thus, both competitive and consecutive
fragmentations are favorable. Another very important difference between HCD and CID in
ion trap is that HCD also excites fragment ions while CID in ion trap does not. A brief

comparison low-energy CID, CID and HCD is presented in Figure 3-7c.

0,2y (2,4
. “Xe(*"A7)
oo [G,+Li"] R
] * 110150
90
1 24y (0,2 p—
0l [ Xe(M“Ag)+LI"]
§ : 2’4X5(0’2AG)
5 70 937.42
2 Z;(B
il O LA he
[ ] .Z B
% 50° 26‘2(5?3‘3) 851(7.425 )
€ o] B2 aay o2
] : XKa(P°A
= 81(3.25 4
30
2012 (B,) 02y (2,4 ®)
EE i LY IR G R 1 . O T e oL =
10 oy 2 4A45)1,17 X3(“*A, C715.33 =
: , ; 3 Y5(C
E M) g W ] Me(Ce 3
30‘:)l TrrTT |4(\)0| T 15601 T |6‘|m| T |760|l| T lgcl)ol T |9(|]0| ] 10|00| EEA '1100' J
m/z

Figure 3-8- MS/MS/MS spectrum of [G; +Li"]" (NCE of 30 %) -> M= [**Xs(>*A;) +Li"]" (NCE of 30 %) -> o
recorded using the CID mode of the ion trap mass spectrometer.
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Figure 3-9- MS/MS/MS spectrum of [G+Li']" (NCE of 30 %) -> M= [G+Li*-H,0]" (NCE of 30 %) -> o
recorded using the CID mode of the ion trap mass spectrometer.
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Figure 3-10- MS/MS/MS spectrum of [G,+Li']" (NCE of 30 %) -> [Y+(Co)+Li']" (NCE of 30 %) -> o
recorded using the CID mode of the ion trap mass spectrometer.
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Figure 3-11- MS/MS/MS spectrum of [G+Li"]" (NCE of 30 %) -> M= [Z4Be)+Li']" (NCE of 30 %) -> o
recorded using the CID mode of the ion trap mass spectrometer.

Based on the above discussion, at very low energies and large activation times (Figure 3-3a),
cross-ring cleavages represent the main cleavage pathways, and the major observed
fragments are [2*X¢(*?A7)+Li]" and [G7+Li-H,0]". As the energy increases (Figure 3-3b), new
competitive fragment ions start to appear which result from glycosidic bond cleavages (Z(B),
Y(C) type ions). At even higher energies and lower activation times (Figure 3-4a and 3.4b),
ions resulting from glycosidic bond cleavages become the dominant fragments. In addition,
low abundances of X(A) type ions are formed by consecutive fragmentation of
[%*Xs(**A;)+Li]" (even if consecutive fragmentations are disfavored in CID). Finally, using HCD,
glycosidic bond cleavage is the main process owing to the higher energy available, and the
[2*Xe(*2A;)+Li]* fragment is not observed. Not surprisingly then, consecutive fragments of
[%*Xs(**A;)+Li]" (other X(A) type ions) are also absent in Figure 3-4¢ and 3.4d. Based on the
above discussion and the fragmentation spectra of the fragment ions of [G; + Li]* (Figures

3.8-3.11), a summary of fragmentation process is presented in Figure 3-12.
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Figure 3-12- Summary for decompositions of [G+Li]". Fragments resulting from glycosidic bond
cleavage are indicated in gray. Possible fragmentation pathways for [**X¢(*>?A,)+Lil" are indicated in
pink, for [G,+Li-H,0]" in orange, for [Y,(C,) + Lil" in dark blue, and for [Z,(B,)+Li]" in black.
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Figure 3-13- (a) CID spectrum of M= [G,+Li+LiCl]" (NCE of 20 %) and (c) its HCD spectrum (NCE of 20
%); (b) CID spectrum of M= [Gyo +Li+LiCl* (NCE of 30 %) and (d) its HCD spectrum (NCE of 30 %). Peaks
of fragments containing one metal ion are shown in red while those with two metal ions are shown in
dark blue. Because of the LMCO, access to the low m/z fragments in the CID spectra of (a) and (b) was
not possible.
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Figure 3-13 displays the CID and HCD spectra of [Gs+Li+LiCl]" and [Gyo+Li+LiCI]" precursors. In
this figure, fragments containing only one Li* are shown in red, whereas those bearing two
Li* are displayed in dark blue. It should be noted that fragments containing one or two metal
ions may have the same annotation. For these cases, they can be distinguished by the color
used to indicate their peaks. For example, Yg(Cs) or [Gs+Li+LiCI-HCI]* ions in Figure 3-13a
each contain two Li* and their peaks are shown in dark blue. But the peak for [Gio+Li+LiCl]*-
LiCl in Figure 3-13d (only one Li*) is shown in red. In addition, it should be noted that none of
the indicated fragments in Figure 3-13 contain Cl. In other words, during fragmentation, HCI

was always readily lost.

From Figure 3-13, some important points can be extracted. First, if we compare spectra of
the singly lithiated sugars in Figure 3-4 with the LiCl adducted lithiated sugars in Figure 3-13,
it is evident that while in the former situation, fragments resulting from glycosidic bond
cleavages were dominant, in the latter case, abundances of the ions resulting from cross-ring
cleavage are higher. Secondly, loss of HCl is preferred to the loss of LiCl, which implies that
there is a strong interaction between the sugar and Li*. Thirdly, in Figure 3-13, abundances
of fragments containing two metal ions are higher compared to those fragments with only
one metal ion. This observation can be explained with a plot of log k versus deposited
internal energy similar to what is shown in Figure 3-7b. It should be noted that, for better
clarity, the pathway corresponding to the loss of HCl is not shown in Figure 3-7b. Based on
the appearance energies and also internal energy distributions corresponding to CID and
HCD processes, it is evident that in both CID and HCD spectra, cross-ring cleavages have
higher rate constants compared to glycosidic bond cleavages, as evidenced by the high
intensities of X or A type ions in the spectra. In the CID spectrum, there is a high intensity of
the Yg(Cg) ion (glycosidic bond cleavage) as well (Figure 3-13a), and in general, the rates of
the two types of processes are comparable (internal energy near the crossing point of cross-
ring cleavage and glycosidic bond cleavage curves in Figure 3-7b), but in HCD with longer
reaction time (5 ms), ions resulting from cross-ring cleavages are more predominant. By
increasing the internal energy, new fragments resulting from glycosidic bond cleavages will
appear (Figure 3-14). In fact, the presence of two Li* cations facilitates cross-ring cleavages,

indicative of shifts in their curves to lower energies.
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Figure 3-14- HCD spectrum of M= [G,+Li+LiCl]" at NCE of 45 %. Peaks of fragments containing one
metal ion are shown in red, whereas those with two metal ions are shown in dark blue.

HCD, of course, allows access to higher energies compared to CID. In the HCD spectrum of
precursor [Gyo+Li+LiCl]" at NCE of 45 % (Figure 3-14), it is clear that some new fragments are
present that were absent from the analogous HCD experiment acquired at an NCE of 30%
((Figure 3-13d). The appearance of new fragment ions in the HCD spectrum can be due to
two main reasons. First, they may result from consecutive decompositions of the fragments
that occur in higher efficiency when the precursor has a higher internal energy uptake.
Secondly, because a higher energy is applied in a short time, access to dissociation pathways
with higher critical energies becomes feasible, and as a consequence, new competitive
fragment ions appear. For these reasons, HCD can provide a wide variety of structurally-

informative fragments.

From the above discussion, it is obvious that when working with mono-lithiated sugars, B, C,
Y and Z type ions are the most intense, whereas when working with di-lithiated sugars, X and
A type fragments dominate. This deduction implies that a combination of the two spectra
can provide complementary data and augment the information available for structural
characterization of saccharides. In addition, the observations that: 1) loss of HCl is preferred
to LiCl, and 2) di-lithiated fragments are dominant in both CID and HCD spectra, demonstrate

that the interactions between Li* and the sugar are quite strong.
84



BAYAT Parisa — These de doctorat - 2018

(a) CID: G,+Na*™+NaCl 0.2% (24A (o)

100, 1563.47

— T
953 +
90 = 2 Na
853
803

E 0,2y (2,4
;2 Xg(“"As) M- NaCl
65 1401.42 1661.53
60
55;
507
45%
403 02y 2,4
363 X?( Ag)
303 1239.36
23 02y 2,4
o) O2X(A,)

] 6
53 10773 M- HCI

105 1683.51
M

Relative Abundance

53
0

IR TR AR R AR D R AR o T AR R T AR TR T~ T T BT T TR T TI
m/z

(b) HCD: G,+Na*+NaCl M- NaCl
1004 :
955 —— 1 Na+
07 e 2 Na*
85 1
803
757
70
653
60
55
i: %2Xq(>*A10)
E 2.4 1563.47
403 O,ZXB( ) Ag)

35
20 7 . 1401.41

25 1719.51
203
153 0,2y (24
107 X'I( AB)
5 3 1239.36
S (RO DTRRIIY VRV H EENVRDUUIG| RO ROV BT
' 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800

m/z
Figure 3-15- (a) CID spectrum of M= [G;,+Na+NaCl]" (NCE of 30 %) and (b) its HCD spectrum (NCE of
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are shown in dark blue.
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To gain further insight into the interaction between sugars and metal ions, CID and HCD
experiments exactly analogous to those described above for LiCl were performed for
sodiated maltodecaose [Gip+Na]® and its NaCl adduct [Gig+Na+NaCl]*. In the case of
[G1o+Nal®, very similar results to those of [Gig+Li]" were obtained: by HCD, only glycosidic

bond cleavages were observed, whereas by CID, both glycosidic and cross-ring cleavages
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were observed (spectra not shown). These findings can be interpreted in a manner strictly

analogous to the above discussion pertaining to [Gyo+Li]".

By comparing the CID and HCD spectra of [Gig+Na'+NaCl]® (Figure 3-15a and 3.15b,
respectively) with those of [Gig+Li+LiCl]" (Figure 3-13b and 3.13d), one can notice that for
both types of alkali metal, fragments mainly result from cross-ring cleavages. However, one
obvious difference is the presence of intense fragment ions resulting from the loss of metal
chloride (NaCl) in Figure 3-15a and 3.15b. The comparable loss of LiCl from [Gyo+Li+LiCl]" did
not occur, but instead, loss of HCl was dominant. For [Gyo+Na+NaCl]*, the fragment ion
resulting from loss of HCl has a very low abundance in the CID spectrum (Figure 3-15a), and
is not present in the HCD spectrum (Figure 3-15b). This observation demonstrates that the
sugar’s interaction with Li* is stronger than its interaction with Na’. This finding adds
additional confirmation of the presence of a direct interaction between Li* and sugars during
the dissolution process. It can also explain the better success achieved with use of LiCl

compared to NaCl for dissolution of carbohydrates.

Lastly, CID and HCD experiments were performed on the lithiated sugars with two LiCl
adducts attached ([G;+Li+2LiCl]" precursors). Interestingly, in both CID and HCD spectra
(Figure 3-16), the majority of the fragment ions contain three Li*, indicating that all lithium
ions in the precursors are retained in the fragments. In addition, fragments resulting from
the loss of one or two HCl are dominant in the spectra which further reinforces the notion

that strong interactions exist between the sugar and lithium ions.

All of the above-mentioned observations are consistent with the dissolution mechanism of

.2, which hypothesizes the

carbohydrates in DMACc/LICl, proposed by Morgenstern et a
existence of a direct interaction between Li* and the saccharide during the dissolution
process. It should be noted that a combination of infrared spectroscopy in the gas phase and
guantum chemical calculations*® has suggested that, in the presence of metal ions, sugars
will adopt structures in which the coordination number of an attaching metal is as high as

possible (4 in the case of Li" in that study’®), and the number of intra-molecular hydrogen

bonds inside the molecule is also maximized.
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Figure 3-16- (a) CID spectrum of M= [G,+Li+2LiCl]" (NCE of 20 %) and (b) its HCD spectrum (NCE of 20
%). Peaks of fragments containing one metal ion are shown in red, whereas those with two metal ions
are shown in dark blue. Because of the LMCO, access to the low m/z fragments in the CID spectra was
not possible.

° show that during the

This result, as well as all-atom molecular dynamic simulations,’
dissolution process, depending upon the structure of the saccharide under study and the
geometry of available oxygen atoms, there may be more than one solvent molecule in the
coordination sphere of Li* which becomes displaced by hydroxyl oxygen or ring oxygen
atoms of the sugar. Figure 3-17a shows the proposed dissolution mechanism of Morgenstern

I 152

eta as portrayed by Huang and coworkers.™? In this scheme, depicting one glucose unit

of a saccharide, we consider Li* to have a coordination number of 4. In Figure 3-17a, one
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solvent molecule of the four initially present is displaced by an interaction with a hydroxyl
oxygen on the saccharide. Figure 3-17b extends the dissolution mechanism by considering
multiple solvent molecules initially coordinated to Li* to be displaced by available

coordinating sites.

(a) (b) d

Y ~
OH
p 0]
HO 0\
:'o-qil H
—0‘“ :: ‘.‘.
\ 10 Nl
N\
/

Figure 3-17- (a) Depiction of role of Li* (and CI) in the dissolution mechanism of cellulose in DMAc/LiCl
showing a single displaced solvent molecule from the Li* coordination sphere proposed by
Morgenstern et al.>>*>* (b) Example of Li* triply coordinated to the sugar.

Conclusion

Here in this chapter, tandem mass spectrometry studies using CID and HCD techniques have
been employed to investigate the dissolution mechanism of saccharides in DMAc/LICI.

1 . .
40153 \which exists

Obtained mass spectral evidence sheds light on the main discrepancy
between previously proposed mechanisms. This point of inconsistency relates to the
presence or absence of a direct interaction between Li* and the sugar during the dissolution

process.

The first pertinent observation was that in the CID and HCD spectra of [sugar+Li+LiCl]"
precursors, the abundances of fragments containing two metal ions were higher compared
to ions with only one metal ion. In addition, loss of HCI was favored over the loss of LiCl in
the above spectra. These observations imply that Li* preferentially stays attached to the

sugar.
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By contrast, in both CID and HCD spectra of [Gig+Na+NaCl]" precursors, loss of NaCl is
favored over the loss of HCI. This additionally confirms the presence of strong interactions
between Li* and the sugar. Furthermore, in CID and HCD spectra of [sugar+Li+2LiCI]", the
majority of the fragments contain three Li*, and also fragments resulting from loss of one or
two HCl molecules are dominant. All of the above-mentioned evidence supports the
mechanism proposed by Morgenstern et al.’>* which hypothesizes a direct interaction
between Li* and sugars during the dissolution process. In addition, this mechanism can be
extended by considering the replacement of more than one solvent molecule on the
coordination sphere of Li* by hydroxyl oxygens or the ring oxygen of the sugar, depending on

its structure and the geometry of available —OH groups.

The second aspect of this study was devoted to the investigation of the capabilities of three
important ion activation techniques used in tandem mass spectrometry (low-energy CID, CID
and HCD) to provide informative fragments for structural characterization of saccharides.
The mechanisms of energy deposition are different for these techniques such that,
compared to low-energy CID and CID, a higher amount of energy is deposited onto the
precursor ion in a shorter time for HCD. Therefore, HCD allows access to dissociation
pathways with higher critical energies, and as a consequence, new competitive fragment
ions can appear in the HCD spectrum. In addition, because of the high amount of energy
deposited during HCD, consecutive fragmentation processes will result. On the other hand,
low-energy CID with a very long time scale allows access to the very slow dissociation

pathways, and considerable rearrangement of the precursor ions before decomposition.

Lastly, we observed that when selecting mono-lithiated sugars as precursor ions, B, C, Y and
Z type product ions are abundant in the MS/MS spectrum, whereas when working with di-
lithiated sugars, X and A type fragments are most abundant. Therefore, a combination of
tandem mass spectra acquired using both mono-lithiated and di-lithiated precursors of the
same saccharide can provide complementary and more complete information for structural

characterization.
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Chapter 4: Investigation of hemicryptophane
host-guest binding energies using high-
pressure collision induced dissociation in

combination with RRKM modeling
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Introduction

H-G chemistry is a fascinating field of research that involves the establishment of
noncovalent interaction(s) between at least two species: the host that is typically a larger
molecule containing convergent binding sites which is adapted to accommodate a second

2,177,178

species, the guest, containing divergent binding sites. This field has found applications

11 12-14

in diverse areas of science including molecular recognition,®™ drug delivery,

18-20 21,22

catalysis,16’17’179 bio sensors, trapping devices etc. In this very active research topic, a
wide variety of “cage” architectures have been employed as host molecules, and among
them are the cryptophane molecules which were introduced by A. Collet in the early
1980s.>> A typical cryptophane cage consists of two cyclotriveratrylene (CTV) caps, and three
linkers which connect these two caps thereby creating a hollow space, or cavity between the
caps.?® Since their first synthesis, significant efforts have been focused on modification of
cryptophanes in order to design new cavities with novel selectivity characteristics toward
various organic and inorganic guest molecules. In extending this approach, an innovative
structure called a hemicryptophane was synthesized.>”*® The structure of a
hemicryptophane molecule differs from a cryptophane cage in that one of the CTV caps is
replaced with a Cs-symmetrical organic group.’’” Hemicryptophane cages have been
employed for selective inclusion of choline,® choline phosphate®” or primary
alkylammonium ions.”® Moreover, hemicryptophanes have been used for enantioselective

58,59

recognition as well as ion-pair recognition,54 and studies pertaining to potential catalytic

activity44 have also been conducted.

H-G chemistry deals with noncovalent interactions which, despite their typically much
weaker strength compared to covalent bonds, determine the nature, stability, and preferred
3-D structure(s) of the H-G systems. Therefore, the ability to assess the strengths of the
noncovalent binding interactions has a significant importance in characterizing structures of
H-G complexes, and in interpreting their behaviors. Moreover, such assessments can aid in

the development of new H-G systems that afford specific desired properties.

So far, most of the H-G chemistry studies of hemicryptophanes have been performed in the

condensed phase, and techniques such as fluorescence® or nuclear magnetic resonance>®
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were primarily used for characterization of H-G interactions. However, for a more
comprehensive characterization, multiple methods are required. Electrospray ionization
mass spectrometry,3_5 which allows the preservation in the gas phase of weak interactions
that existed in the initial solution, is another method of choice to investigate H-G systems.
This technique, which offers high sensitivity, short acquisition times, and very low sample
consumption, can provide a wealth of information that is sometimes difficult to obtain using
other approaches, i.e. acquired results are often complementary to those obtained in the
condensed phase. ESI used with single stage MS can provide additional information
pertaining to the stoichiometry of H-G binding, and when combined with tandem mass
spectrometry, it can offer a gauge of the strength of the binding interaction(s). In particular,
tandem mass spectrometry is a reliable way to estimate bond dissociation energies'® (BDEs,
the change in enthalpy corresponding to the dissociation reaction at 0 K). Decompositions
can be probed using various techniques such as threshold collision induced dissociation

130,134,185

(TCID),*8% 183 BIRD,%%1%%18 thermal activation in a quadrupole ion trap, collisional

186-188 .

activation in a FT-ICR instrument, among others.
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Figure 4-1- Structures of hemicryptophane cages 1 and 2; and studied guests.

In this chapter, two hemicryptophane cages 1 and 2 (Figure 4-1) are employed as the host
molecules and their binding properties towards three biologically important guests, namely:
choline (C),*® acetylcholine (AC)**° and betaine (B)*****? (Figure 4-1) are studied in the gas

phase. Comparison of the binding strengths of different H-G pairs was achieved using a
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combination of BIRD and high-pressure CID mass spectrometric techniques, combined with

RRKM 31838687 modeling.
Experimental Section

Two hemicryptophane cages, 1 and 2 were provided by courtesy of Prof. Alexandre

193,194 and

Martinez. They had been synthesized according to previously published methods,
their stock solutions (1 mM) were made in dichloromethane. Stock solutions of choline,
acetylcholine and betaine were prepared in methanol (1 mM) and individual working
solutions were prepared by diluting the host and each individual guest molecule (1:1) in

methanol.

Leucine enkephalin was purchased from Sigma-Aldrich (Taufkirchen, Germany) and its stock
solution (1 mM) was made in methanol. A working solution of leucine enkephalin was

prepared by diluting the stock solution to the final concentration of 10 M in methanol.

A ‘Quattro II’ triple quadrupole mass spectrometer (Waters, Manchester, UK) equipped with
an ESI source was used to obtain MS and MS/MS spectra. The main reason that the triple
guadrupole instrument was selected for SY experiments is that it minimizes discrimination
between low and high mass ions. A capillary potential of 3.5 kV, cone voltage of 50 V, and
extractor potential of 6 V were used. The source block temperature was kept at 100 °C.

Nitrogen was used as nebulizing and drying gas at 20 °C.

Two different techniques: high-pressure CID and low-pressure threshold CID (TCID) were
employed in this work. For high-pressure CID experiments, argon (5x10° mbar) was used as
collision gas, and for optimized transmission of ions, the following settings were used: for
the first quadrupole: ion energy of 0 eV, lens 5 was at 100 V, and lens 6 at 0 V; and for the
second quadrupole: ion energy of 10 eV, lens 7 was at 250 V, lens 8 at 175V, and lens 9 at 50
V.

For TCID experiments, xenon (10 mbar) was employed as collision gas and the following

settings were utilized for efficient ion transmission: for the first quadrupole: ion energy of 0
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eV, lens 5 at 100 V and lens 6 at 0 V; and for the second quadrupole in the QhQ instrument:
ion energy of 0 eV, lens 7 at 250 V, lens 8 at 10 Vand lens 9 at 0 V.

Collision gas was introduced into the collision cell using a customized line as previously
described.*® Masslynx V4.0 sp2 software was used for analyzing the MS and CID tandem
mass spectra. Breakdown curves were obtained by plotting SY versus collision energy in the

laboratory frame, Ejq.

BIRD experiments were performed using a 7T hybrid quadrupole-FT-ICR mass spectrometer
(ApexQe, Bruker Daltonics, Billerica, USA). H-G solutions were infused at a flow rate of 120
uLh'1 into an Apollo Il electrospray ionization source with N, as nebulizing gas. The
temperature of the source was set at 250 °C, ESI voltage at 4500 V, capillary exit at 300 V,
skimmer | at 150 V, skimmer Il at 8 V. Heating of the FT-ICR cell for BIRD experiments was
performed by installing a resistive heating metallic "ribbon" external to the vacuum system
that covers the entire vicinity of the cell; applying a variable voltage to the metallic ribbon
allows temperature control. A cell temperature accuracy check was performed by observing
the dissociation of the sodium-bound dimer of leucine enkephalin, (LEK,Na)*, with well-
known activation parameters, inside the cell.'®® A temperature probe which was placed
between the metallic ribbon and cell housing, shows a maximum temperature difference of
3 °C compared to the temperature obtained by calibration. All mass spectra were acquired
using XMASS (version 6.1, Bruker Daltonics) in broadband mode. The number of data points
was set at 512 K, and the time allowed for the unimolecular dissociation reaction to occur
was varied by changing the “pumping delay” (without gas introduction, this corresponds to

the period of time that ions are trapped in the cell).

lon mobility experiments were performed using a trapped ion mobility mass spectrometry
(TIMS) instrument (Bruker Daltonics, Bremen, Germany). Solutions were injected at a flow
rate of 5 uLmin into an ESI source operating in positive ionization mode. Capillary voltage
was set at 3.6 kV, end plate offset at 500 V, and nebulizer gas pressure at 4.4 psi. The drying
gas temperature was set at 200 °C, and its flow rate at 3 Lmin™. For ion mobility
experiments, nitrogen was used as buffer gas at a temperature of 300 K. First, separations

were performed in a long inverse reduced mobility (1/Ko) range (0.77 to 1.93 V.s/cm?), and
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then depending on the position of the ions of interest on the (1/K;) axis, the spectra were
recorded again in a decreased inverse mobility range. Accumulation time for a single analysis
was set at 10 ms, and the spectra were recorded for 1 minute. Calibration of the inverse
reduced mobility (1/Ky) axis was performed using Agilent tune mix (Agilent Technologies,

Santa Clara, Ca, USA).

Modeling Detail

Vibrational frequencies of the precursor ions were calculated using the GAMESS™"*®®

computational package employing the Hartree—Fock method and Slater-type basis sets.
These vibrational frequencies have been used as a necessary input for RRKM calculations.

9051 that RRKM calculations

Although this level of theory is relatively low, it has been shown
are not sensitive to the vibrational frequencies when they are not compared with those of
the transition state. CID experiments were simulated using MassKinetics Scientific Demo

software (version 1.17.2.648 Beta, provided by courtesy of Prof. Laszlé6 Drahos).’®

81838687 T4 simulate internal

Calculations were performed within the RRKM formalism.
energy distributions and their evolution with time, a model based on a truncated Maxwell-
Boltzmann distribution of internal energy and characteristic temperature (7o) Was utilized
(Figure 1-3).1%>?%2%2 Aq has been evaluated previously,'”> and considering that precursor
ions undergo several hundred collisions, leading to rather long residence times inside the

.. 203,204
collision cell,™

a flight time of 0.002 s has been used. It should be noted that because we
are relying upon a reference ion for calibration of mean internal energy, the input flight time
has a minimal effect on the calculated critical energies. Instead, it mainly influences the
initial temperature of the reference ions, and as a consequence, that of the studied

complexes.

One of the H-G complexes that was amenable to the BIRD technique, namely [(B+2)+H]", was
selected as the reference ion. For this complex, the mean internal energy <E;,> and T¢par
corresponding to each point of its SY curve were calculated. Then, a linear relationship

195,200-202
d.19>29%7202 1 the next step,

between the CID collision energy (Ej») and <E;,»> was establishe
this calibration was used for all H-G pairs and SY curves were simulated and fitted to

experimental data to obtain the critical energy of dissociation for each complex. In collisional
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processes, this model is only valid for CID experiments conducted at high pressures under

analytical conditions.™®

In order to extract critical energy (E;) from the Arrhenius plot (obtained using BIRD
experiments), MassKinetics'*® Scientific software (version 1.17.2.648 Beta) was utilized. For
this purpose, calculations were performed considering that ions remain in thermal
equilibrium during their fragmentation. Using this model, critical energies were adjusted
until the best fit between the experimentally obtained Arrhenius plots and the calculated

ones was achieved.
Results and Discussion

Both hemicryptophane cages 1 and 2 (Figure 4-1), that serve as host molecules in this study,
contain a cyclotriveratrylene (CTV) unit and a tris(2-aminoethyl)-amine (tren) group as their
two caps. But they can be distinguished by the nature of their linkers: naphthyl (cage 1)
versus phenyl (cage 2) groups. Thus, when comparing the behaviors of guest molecules, any
differences in the binding strengths of their H-G complexes can be directly attributed to the
characteristics of the linkers and the latter’s influence on the final complex structure. Three
biologically relevant molecules: betaine (B),***** choline (C),'*® and acetylcholine (AC),*®
each containing a permanently charged trimethylammonium substituent, were selected as
guest molecules for this study. Betaine is zwitterionic in neutral solution, and it should be
noted that some other zwitterionic guests such as glycine, B-alanine and taurine were also
tried, but no evidence of H-G complexes with cage 1 or cage 2 were observed for these latter

three compounds in obtained mass spectra.

When a 1:1 solution of H:G is analyzed by ESI-MS, in the case of choline and acetylcholine,
the observed complex is [Host+Guest]*, whereas for zwitterionic betaine, [(Host+Guest)+H]"
is observed. Thus, the betaine complex requires a proton to create the singly charged
cationic species observed in the mass spectrum. Under CID conditions, AC and C complexes
with either cage dissociate by loss of the cage, and therefore, their major fragments are the
guest molecules bearing the charge. By contrast, protonated B complexes formed with either

cage dissociate by loss of the neutral guest, thus protonated cages are the observed
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fragments. It should be noted that in the case of acetylcholine H-G complexes, a very low

abundance of a fragment ion at m/z 87.0 was also observed which is produced by loss of the

—N(Me); group from acetylcholine. The abundance of this fragment ion was taken into

account in the survival yield calculations. The CID spectra of the different complex ions are

shown in Figure 4-2.
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Figure 4-2a&b- High-pressure CID spectrum of the dissociation of the (a) [C+2]", (b) [C+1]" precursor

ions at E;,, =20 eV.
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Figure 4-2c&d- High-pressure CID spectrum of the dissociation of the (c) [AC+2]", (d) [AC+1]" precursor
ions at Eip, =20 eV.

In this chapter, our goal is to compare the binding strengths of the various observed H-G

complexes. At the beginning, for this purpose, it was tried to use low-energy CID and higher-

energy collision dissociation (HCD) techniques both on LTQ/ Orbitrap hybrid mass

spectrometer. However, none of the above-mentioned approaches could provide correct

estimation of binding energies for the C and AC host-guest complexes due to the large
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difference in m/z of the these H-G complexes and their fragments. Regarding the low-energy
CID method, due to the low mass cut off, it was not possible to observe fragments of the

mentioned complexes ([C]" and [AC]" ions).
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Figure 4-2e&f- High-pressure CID spectrum of the dissociation of (e) [(B+2)+H]" and (f) [(B+1)+H]"
precursor ions at Ej,, = 20 eV.
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Considering the HCD approach, in this case, there is no limitation of LMCO, and the low m/z
values are accessible. However, problem was related to inherent characteristic of the ion
traps in having preference for trapping the low or high mass ions, depending on the trapping
parameter and utilized low mass range. Our precursor ions were at quite high mass range
and the fragments were at low mass range, therefore, in order to have maximum
transmission of both, usual trapping parameter (g = 0.25) was used. However, it was
observed that the position of the SY curves (obtained using HCD) were highly dependent on
the selected low mass range. For example, SY experiments of choline complexes with two
cages 1 and 2 at two different low mass ranges are presented in Figure 4-3. From this figure,
it is evident that in decreasing the low m/z range, SY curves are shifting toward lower

energies.
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Figure 4-3- SY experiments of [C+1]” and [C+1]" complexes at two different low mass ranges of m/z 50
and 90.

For HCD experiments, ions are isolated in LTQ, and then they are transferred through the C-
trap to the octapole collision cell. After fragmentation, fragments and remained precursor
ions are transferred back to the C-trap and then to the Orbitrap for detection. Likely, this
discrimination between low and high mass ions occurs in the C-trap (a curved liner ion trap).
To avoid these limitations (LMCO and low m/z range effect) associated with using ion traps,
we decided to perform CID experiments on a triple quadrupole mass spectrometer. This
mass spectrometer did not present the above-mentioned problems in obtaining accurate SY

curves leading us to believe that it is the best choice in cases where both small neutral losses
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and large neutral losses are occurring. A main advantage of using the triple quadrupole mass
spectrometer is its quite uniform transmission and detection of high and low mass ions. This
uniformity leads to better reliability and reproducibility in obtaining accurate SY curves. In
addition, because low mass ions and high mass ions appear at different resolution, by
considering the peaks’ area instead of their intensities, this difference will not adversely

affect the BDE calculations.

To compare the binding strengths of the various H-G complexes, firstly, the internal energy
uptake occurring in high-pressure CID experiments must be calibrated using a reference
molecule that has: 1) accurately known activation parameters, and 2) a structure and
number of DOF quite similar to those of the systems under study. If this latter condition is
met, the amount of energy deposited should be almost the same in all cases. Previous

195,200-202 yoy0aled that the mean internal energy <Ei> varies only slightly with the

studies
number of DOF and with a change in the identity of the precursor ion, thereby giving us
confidence that the above precautions are sufficient to obtain reasonable and trustworthy

results.

In the next step, the use of a reliable method to calculate Arrhenius parameters for the
reference compound is required. Among the developed tandem mass spectrometry
methods, one of the most established ones that can directly give activation parameters is
BIRD.® In practice, only precursor ions which are fragile enough to produce sufficiently
abundant fragment ions under the accessible temperature range of the BIRD set-up (300 to
410 K in our instrument) are amenable to this technique. In this investigation, among all the

studied H-G complexes, [(B+2)+H]" most readily fulfilled this condition.

Figure 4-4a displays the kinetic plots for the dissociation of [(B+2)+H]" at different
temperatures. In Figure 4-4b, the corresponding Arrhenius plot (/n k versus 1/T) is shown. As
is evident from Figure 4-4, extremely linear plots (kinetic and Arrhenius) are obtained. The
activation energy (E;) of 1.27 + 0.05 eV and the logarithm of the pre-exponential factor (log
A) of 14.2 + 0.6 can be deduced from the slope and intercept, respectively, of the Arrhenius
plot. According to Price and Williams,'*? for a peptide ion with log A of 14.5 and Ep of 1.2 eV,
the minimum molecular weight of the ion should be 787 Da to be considered as satisfying
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the REX limit requirements. Thus, [(B+2)+H]" with m/z of 1068, number of DOF of 462, E, of
1.27 (£0.05) eV and log A of 14.2 (+0.6) is expected to easily fulfill the REX limit condition.
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Figure 4-4- (a) Plots of the natural logarithm of the normalized intensity of [(B+2)+H]" as a function of
reaction time at temperatures ranging from 369 to 404 K; (b) the corresponding Arrhenius plot for the
dissociation of [(B+2)+H]".

It should be noted that BIRD experiments were performed on all of the H-G complexes under
study, but limitations were found. For example, [C+1]%, [C+2]" and [AC+1]* complexes did not
dissociate in the available temperature range, and [(B+1)+H]" produced only a low
abundance of fragment ions. Moreover, in this case, we were apprehensive about the
presence of an interfering ion. The BIRD spectra of the [(B+1)+H]" complex at 380 K and
three different reaction times (5, 60 and 200 s) are presented in Figure 4-5. In addition to the
fragment ion at m/z 1101 which is [(1)+H]’, there is another ion at m/z 491 which has been
assigned as [(Betaine);+Na]’. We were apprehensive about the possibility of an isobaric ion,

very near in mass to the precursor ion, that may be producing [(Betaine)s+Na]". It should be
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noted that in the experiments with the FT-ICR, a large isolation

minimize excitation of the ions during isolation.
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Figure 4-5- BIRD fragmentation spectra of the [(B+1)+H]" complex at temperature 380 K and three
different reaction times of 5, 60 and 200 seconds.
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Figure 4-6- (a) Plots of the natural logarithm of the surviving precursor ion population (survival yield)
of [AC+2]" as a function of reaction time at temperatures ranging from 376 to 404 K; (b) Arrhenius
plot for the dissociation of [(B+2)+H]" and [AC+2]".
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Therefore, it was not possible to construct reliable kinetic plots for [(B+1)+H]" complex. In
the case of [AC+2]", fragment ions were produced in low abundance, and the associated
kinetic and Arrhenius plots were not perfectly linear (Figure 4-6). Moreover, the obtained
activation parameters for [AC+2]" (E, of 1.33 (+0.07) eV and log A of 13.8 (+0.9), Figure 4-6),
include more uncertainty as compared to those of the [(B+2)+H]" complex. Because of the
higher quality data obtained for the [(B+2)+H]" complex, it was selected as the reference
precursor for the calibration of mean internal energy (<E;>) of ions undergoing high-

pressure CID.

BIRD experiment provided the activation energy; however, for calibration of the mean
internal energy using RRKM modeling, the critical energy for dissociation of the reference H-
G complex is required. In order to calculate the critical energy, one needs to have precise
information about the transition state. However, for a large system such as the [(B+2)+H]"
complex in which an ensemble of non-covalent interactions is responsible for keeping host
and guest molecules together, it is very difficult to calculate the transition state. For this
reason, the experimentally measured pre-exponential factor (log A = 14.2 (£0.6)) is used in
the MassKinetics software. Then, considering a thermally-equilibrated system, critical
energies were adjusted until the best fit between the experimentally obtained Arrhenius plot

and the calculated one was achieved (Figure 4-7). By doing so, an Ey of 1.19 eV was gleaned

for the reference system.
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Figure 4-7- Experimentally obtained (data points), and calculated (line) Arrhenius plots for the
dissociation of [(B+2)+H]".
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For all H-G pairs, survival yield curves were obtained as a function of the collision energy in
the laboratory frame of reference using high-pressure CID (Figure 4-8). Afterwards, a model
based upon a truncated Maxwell-Boltzmann distribution was used to calculate the deposited
internal energy and its evolution with time. In previous studies, it was demonstrated that

this model is suitable for simulating fragmentation occurring under analytical conditions,

including high collision gas pressures (multiple collision regime).lgs'zoo_202
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Figure 4-8- (a) Experimental (markers) and theoretical (lines) SY curves obtained using high-pressure
CID for various H-G complexes studied in this chapter; (b) plot of calculated mean internal energy
versus energy in the laboratory frame for [(B+2)+H]".
For the reference complex, [(B+2)+H], RRKM modeling allows calculation of the mean

internal energy before decomposition (<E;,+>) corresponding to each collision energy, and
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Figure 4-8b illustrates the plot of calculated <E;,> as a function of Ej. The extrapolated
intercept of 3.46 eV indicates the initial mean internal energy of the ions, and corresponds to
a characteristic temperature of 386 K for the reference molecule which is a little bit higher
than that of the electrospray source block (373 K). This higher temperature can be attributed
to collisions that ions may undergo during their acceleration from the ionization source

towards the collision cell.

The equation (<Ej,> = 0.2317 x Ej,p + 3.4614) is employed to gauge the mean internal energy

for other H-G pairs by replacing its intercept with the mean internal energy of each H-G
complex at the initial temperature (386 K). Because all of the H-G complexes are
characterized by similar sizes and similar types of interactions, a pre-exponential factor of
14.2 (that of the reference [(B+2)+H]") is used for all cases (in BIRD experiments performed
on the [AC+2]" complex, a very similar value for the pre-exponential factor (log A of 13.8
(£0.9)) was obtained, Figure 4-6). Afterwards, using this constant pre-exponential factor,
critical energies were adjusted manually until the theoretical SY curves gave the best fit to

the experimental ones.

Figure 4-8a displays the experimental (shown by data points) and calculated SY curves
obtained for all six H-G complexes. In each case, an acceptable fit could be established
between the two sets of data. It should be noted that for [C+1]", because of the presence of
an interfering isobaric ion (Figure 4-9), the highest energy part of the SY curve could not be
reliably obtained experimentally. For the beginning portion of the SY curve for [C+1], the
contribution of this isobaric ion’s abundance was removed from the abundance of the
precursor ion. Detailed analysis of this issue led us to the conclusion that the interfering ion
is cage 1 plus a Zn(ll) metal ion and a CI' anion ([1+Zn(l1)+CIT’). In Figure 4-9, the
experimentally observed spectrum and a simulated spectrum of the precursor ion of interest
([C+1]%), plus a simulated spectrum of [1+Zn(lI)+CI1" are displayed. From this Figure, we
deduced that m/z of 1204 is common to both the precursor and interfering ions. However,
due to the strong coordination of CI" to the Zn(ll) metal ion, this interfering complex ion is
more stable compared to the [C+1]’, and its fragment ion starts to appear at significantly

higher energies than the fragment of [C+1]’. As a consequence, upon removal of the
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contribution of this isobaric ion’s abundance from the abundance of the precursor ion

(based upon % of interfering ion in ESI-MS spectrum and known isotopic abundances) we are

quite sure that the beginning part of the SY curve corresponds exclusively to [C+1]

decomposition.
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Figure 4-9- Presence of an interfering ion, [1+Zn(ll)+Cl\" in the spectrum of the mixture of cage 1 and

choline.

Table 4-1- Estimated BDEs for H-G complexes studied in this chapter.

Entry Complex Estimated BDE (eV) (RRKM E, (eV) and Jog A (BIRD)
modeling)

1 [c+1]’ 1.31 (+0.08)

2 [AC+1] 1.29 (+0.08)

3 [(B+1)+H]" 1.23 (+0.07)

4 [c+2] 1.27 (0.08)

5 [AC+2]" 1.24 (+0.07) E,=1.33 (20.07),

log A = 13.8 (£0.9)
6 [(B+2)+H]" 1.19 (+0.05) E, = 1.27 (+0.05),

log A = 14.2 (+0.6)
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Estimated BDEs of the studied H-G pairs are summarized in Table 4-1. This table reveals that
the BDE values fall within a rather narrow range for all ions; nonetheless, some informative
trends and differences can be extracted from the data. For instance, complexes of cage 1
exhibit higher BDE's, and thus are all more stable than those of cage 2. This trend establishes
that the linkers (the only difference between cage 1 and cage 2 host molecules) play
important roles in determining the strength of the H-G complexes. Another interesting
comparison is the relative stability ranking between various guests for a given host cage.
Notably, for both cages 1 and 2, the order of stability of H-G complexes is as follows: choline

> acetylcholine > betaine.

Although the obtained BDEs do not differ tremendously from one another in terms of
absolute values, concerning relative values, they are entirely consistent with the BIRD
results. In BIRD experiments, it was observed that [C+1]", [C+2]" and [AC+1]" (the three
complexes with the highest estimated BDE values) did not dissociate in the accessible
temperature range. Moreover, weaker binding [AC+2]" and [(B+1)+H]" complexes did
undergo dissociation, but they did not produce sufficient abundances of fragment ions to
obtain highly linear kinetic plots. Finally, the least stable [(B+2)+H]" complex did produce
enough fragment ions to enable obtainment of linear kinetic and Arrhenius plots for this
complex. Considering the different behavior of these complexes, it is evident that when the
upper limit of attainable temperature in BIRD experiments is not remarkably high, then,
minor differences in critical energies become important. Thus, small differences in the
guests’ functional groups, or identity of the linkers in the cages, can result in different
stabilities, thereby enabling sufficient dissociation for one complex, and not enough

dissociation for others in BIRD spectra.

In order to get additional, complementary information about the H-G systems, TCID
experiments were performed. In these experiments, the pressure of the collision gas (Xe)
was held at a low value (10™° mbar) where single collision conditions predominate. In order
to take into account the effect of the variable sizes of the H-G complexes, normalized
abundances of the ions were plotted as a function of the center of mass energy (E.m).

Center of mass energy is the maximum energy that can be transferred during one collision
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and is given by (Ec.m= Ejab X Mgas/ (MgastMion)) Where myq is the mass of the collision gas and

mion is the mass of the precursor ion.” TCID plots are presented in Figure 4-10.
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Figure 4-10- Normalized intensity of the fragment ion vs. collision energy (center of mass frame) for
dissociation of the six H-G pairs studied in this chapter using TCID.
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Figure 4-11- Enlargement of the beginning part of the experimental (data points) and theoretical SY
curves of the H-G complexes (the inconsistency between theory and experiment at the first part of the
curve is postulated to be due to a minor quantity of fragile H-G complex (likely exclusion complexes) in
each case).

The most interesting feature revealed in Figure 4-10 is that there are two separate
decomposition steps in each curve. But at the same time, the complication of having two
steps makes it difficult to perform RRKM calculations on them. This evidence of a two-step
process can be rationalized by considering that two types of structures (conformers) exist for
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the H-G complexes. The first step of dissociation corresponds to easily dissociable, very
fragile structures, whereas the second step pertains to complexes with higher stability. In
TCID, only a small percentage of the ion population undergoes dissociation, and the exact
ratio of abundances of the two different species is not directly deducible from the curves.
However, in high-pressure CID, the entire population undergoes dissociation, and this ratio
can be obtained by direct comparison of the normalized intensities. Close inspection of the
beginning (left side) portion of the SY curves (Figure 4-11), where the survival yield first
begins to drop at extremely low collision energy values, reveals the presence of a minor
amount of readily dissociating, weakly bound species. Notably, this weakly bound conformer
has completely dissociated before dissociation of the higher abundance, more strongly
bound H-G complexes begins. These data obtained by high-pressure CID corroborate the
TCID data, and prompt us to postulate that the former weakly bound complexes correspond
to exclusion complexes (guests exhibiting weak binding to the exterior of the host cages),
whereas the more strongly bound conformers represent the expected inclusion complexes
(guests located in, and exhibiting binding to, the interior of the host cage). Since the weakly
bound species constitute only a small portion of the population, their presence will not lead
to significant errors in the above calculations and the obtained BDE's. It should be noted that
in the BIRD experiments, it is highly probable that these fragile complexes are dissociated
during the hexapole trapping step before being sent to the ICR cell (collision with Ar and
storage time on the order of one second), and that is why, the presence of this easily
dissociating population is not evident in the BIRD experiments; but, this trapping step does

not exist in CID experiments.

The most fragile complexes are characterized by a small number of non-covalent interactions
between host and guest molecules. BDE values shown in Table 4-1 correspond to more
tightly bound H-G complexes that are characterized by a larger ensemble of non-covalent
interactions. This stronger interaction is consistent with a placement of guests inside the
host molecules, in the form of inclusion complexes. Corroboration for this statement comes
from the use of glycine as a guest molecule. Glycine is very similar to betaine except that,
instead of the -NMej; group of betaine, there is a -NH3 group on glycine. For the glycine

guest, however, no H-G complex was formed with either of the two cage molecules. This
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contrast in behavior indicates that the presence of the cationic -NMejs group plays a critical

role in stabilizing the H-G complexes for the betaine guest, likely through interaction with

the CTV cap.
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Figure 4-12- Extracted ion mobilograms of (a) [C+1]", (b) [AC+1], (c) [(B+1)+H]’, (d) [C+2]’, (e)
[AC+2]", and (f) [(B+2)+H]" precursor ions.
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Further evidence for the simultaneous existence of two types of structure for H-G complexes
comes from ion mobility experiments performed on the 6 H-G complexes. While one
prevalent structure is observed for each complex (Figure 4-12), a small quantity of a second
conformer with larger collision cross section is evident in several of the mobilograms. A
larger collision cross section would be expected, of course, for an exclusion complex
conformation. However, not every mobilogram shows two conformers, and it is possible that
in these cases, the second complex is so weakly bound that it decomposes in the ionization
source prior to undergoing ion mobility separation. In any event, the energies of dissociation
of H-G complexes obtained using BIRD or high-pressure CID in combination with RRKM

modeling correspond to the dominant species in the ion population.

Calculation of uncertainties

Uncertainties in activation energies and pre-exponential factors, derived using the BIRD
method, were estimated by considering a maximum expected deviation of £+ 5 K in the
temperatures used to construct the Arrhenius plot, and also * 2 K uncertainty in the
calibration of the ICR cell temperature. In addition, uncertainties in the dissociation rate
constants were calculated using the LINEST function of Microsoft Excel. To include these
uncertainties on the final Arrhenius plot, the upper-lower bound method of uncertainty
propagation is used as follows: two data point with the largest uncertainties were selected,
and maximum and minimum slope and intercept were calculated using the error bars
associated with these two data points. The uncertainties in the slope and the intercept of the
Arrhenius plots are given by the difference in the two maximum and minimum values

divided by 2.

For calculation of uncertainties of estimated BDEs, the slope of the calibration line (<E;,> as
a function of Ej) was varied by * 0.05, the initial temperature by +50 K, the energy in the
laboratory frame of reference by + 2 eV, and log A values by %1. In addition, decomposition
time was multiplied by a factor of 5 and 1/5. Furthermore, uncertainties in the BIRD results
were also included in the final presented value of accumulated uncertainty. All of the above-
mentioned uncertainties were used to calculate the propagated maximum uncertainties in

the obtained critical energies.
112



BAYAT Parisa — These de doctorat - 2018

Conclusion

In this chapter, a multimodal approach was employed using the established BIRD technique
in combination with SY curves obtained by high pressure CID, and RRKM modeling to
measure critical energies of a series of H-G complexes. The activation energy and pre-
exponential factor of the reference complex, [(B+2)+H]*, measured using BIRD, an absolute
energy evaluation technique, were used to calibrate the internal energy distributions of the
other H-G complexes during high-pressure CID experiments. Afterwards, by making the
supposition that the transition entropy for decompositions of all complexes is approximately
equal, BDE's were calculated for all the H-G pairs. This simple approach presents a highly
facile, and at the same time reliable, method for ranking the stabilities of H-G complexes.
However, one limitation of this technique is that it is mainly applicable to H-G systems that

are characterized by a similar size.

Obtained critical energies display two trends in the stabilities of H-G complexes: first, cage 1
containing a naphthyl linker makes more stable complexes with all three guests compared to
cage 2 bearing a phenyl linker; second, the order of the stability of H-G pairs is choline >

acetylcholine > betaine for both cage 1 and cage 2.

Additionally, TCID experimental results lead to the deduction of the presence of two types of
structures for each H-G complex. However, ion mobility experiments on the 6 H-G complexes
showed one predominant structure in all cases, although a small quantity of a second
structure (exhibiting a higher collision cross section) was evident in some of the
mobilograms. We are confident that the obtained energies using BIRD or high-pressure CID
in combination with RRKM modeling correspond to the dominant species in the ion
population, that we postulate to be an inclusion complex. The minor second conformer that

was most readily visible in TCID experiments likely corresponds to an exclusion complex.

The complementary techniques employed in this chapter are useful not only for estimation
of bond dissociation energies, but also for accurate surveying of the influence of different

functional groups on H-G binding properties. Utilization of this approach can provide a
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wealth of information pertinent to chemists who seek to design new H-G systems with well-

honed properties.
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Chapter 5: Investigating binding energies of
host-guest complexes in the gas-phase using

low-energy collision induced dissociation
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Introduction

lon-pair recognition is an intriguing area of coordination chemistry which involves the

205207 cationic and

designing of receptors containing both cationic and anionic binding sites.
anionic guests could be completely separate ions, or zwitterionic species in which the cation
and the anion appear in different portions of the same molecule. The main distinction
between these two situations in host-guest chemistry is that in the case of zwitterionic
species, the distance between the two binding sites in the host molecule should be matched
with the size and the shape of the guest molecule.?®® This growing field of study has many
applications, such as in the designing of membrane transport systems, the extraction of salts
and their solubilization, and in the fabrication of sensors.””*®2%7213 |n addition, because
amino acids that exist in zwitterionic form at or near physiological pH are often guests of

interest, biological applications are also burgeoning.m_217

Various hosts have been investigated for ion-pair recognition, such as uranyl-salophen

218 d 219 d 220 d221
’ ’

compounds, or calixarene-base resorcinarene-base and pillararene-base

receptors. Studies of hemicryptophanes have revealed that they are also an appealing type

38,42,54,56,58

of receptor for this purpose. Hemicryptophanes are chiral molecular containers

that include a cyclotriveratrylene (CTV) moiety bonded to a Cs-symmetrical organic group

d.3”*?? Because of the

using three linkers whose identity and length can be varie
heteroditopic (i.e. tendency to simultaneously host both cationic and anionic species)
character of their cavity, hemicryptophanes can offer recognition properties towards ion-

pairs, especially biologically important guests like taurine®® and choline phosphate.>’

Gas-phase investigation of host-guest systems is of great importance in providing
information regarding their intrinsic structural and binding properties. Different mass
spectrometry-based studies have been performed with a variety of purposes such as:
measurement of the energetics of H-G binding using BIRD****** or TCID,"®"** obtaining a
relative ranking of the stabilities of H-G complexes by comparing fragmentation efficiency (or

2267228 studying the role of proton affinities of guest molecules on the

survival yield) curves,
characteristics of fragmentation spectra of H-G complexes,228 exploring the structure of H-G

complexes and the interactions between the two partners using the Forster resonance
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energy transfer (FRET) technique,”®® quantifying binding affinities by mass spectrometric

titration,”*° and exploring the influence of solvent on H-G affinities.?*

Among the above-mentioned techniques that are used to study the energetics of H-G
binding, because achievable temperatures are restricted to those accessible by resistive
heating of a vacuum chamber, BIRD is limited to examining only relatively low-energy
dissociations. Moreover, due to the fact that obtainment of reliable energetics in TCID
requires decompositions to occur under single collision conditions, the TCID technique has
been devoted primarily to the study of small systems. There are some other approaches that
can be utilized to examine molecular systems having larger sizes and rather high stabilities.
For example, RRKM modelling can be performed on survival yield curves obtained using a
variety of collisional activation techniques such as collision induced dissociation (CID),
surface induced dissociation (SID), or higher-energy collision dissociation (HCD).*%**?
However, RRKM modelling requires information about the transition state which may not be
readily accessible. Here in this chapter, we present a low-energy CID approach that can be

used to readily determine both activation energies and activation entropies (which are

related to the transition state) for dissociation of large and, at the same time, stable systems.
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Figure 5-1- (a) Hemicryptophane cage Zn(ll)@1 used as host molecule, and (b) Guest molecules
studied in this chapter.
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To illustrate the advantages of the employed low-energy CID approach, a model system was
chosen consisting of a heteroditopic hemicryptophane receptor (Zn(ll)@1) (Figure 5-1a) as
host for some biologically-relevant guest molecules (Figure 5-1b). Then, activation energy
and pre-exponential factors of the various H-G complexes were measured using low-energy
CID in a linear quadrupole ion trap. Because this approach does not provide absolute
measurements, it requires preliminary calibration of effective temperature that was
achieved by employing the absolute energy measurement technique BIRD'® performed on
[(B+2)+H]" complex in Chapter 4. Here for simplicity, this complex is called reference H-G

complex (H-Gyef).
Methodology Background

In a linear trapping quadrupole, trapping of the ions in the axial direction is achieved by
applying a DC voltage to the front and back lenses of the four hyperbolic rods. In the radial
direction, confinement of ions is achieved by applying RF fields to the rods. In addition, the
presence of helium gas helps to reduce movement of trapped ions away from the central
axis. Thanks to the long residence time of the ions inside the trap, and also to the relatively

high pressure of He, a large number of collisions occurs.*

As a consequence, ions are
subjected to a considerable number of activation and de-activation steps until they reach a
Maxwell-Boltzmann distribution of internal energy which is characterized by an effective

101,132,133,233-235

temperature (T.z). In this condition (absence of any excitation voltage), Tes is

defined by the temperature of the He bath gas which is close to the ambient temperature as

was evaluated by ion-molecule equilibrium measurements inside the LTQ. >

During the
resonant activation step (i.e., application of an AC excitation voltage with the same
frequency as the secular frequency of precursor ions leading to energetic collisions with the
buffer gas), the kinetic energy of the ions increases and their effective temperature exceeds
their initial temperature, i.e., that of the bath gas. Goeringer and McLuckey modelled the
increase in T with single frequency resonant activation based on the kinetic theory of ion
transport in gases and use of the "forced damped harmonic oscillator" model and random

132,133

walk simulations. They concluded that after resonant excitation (in the Paul trap), in

the absence of fragmentation, the population of precursor ions can still have a Maxwell-

118



BAYAT Parisa — These de doctorat - 2018

Boltzmann distribution, although its effective temperature has been shifted to higher
energies.®” This new effective temperature is a function of temperature and pressure of the
bath gas and the resonant excitation amplitude.132 After applying an excitation voltage, the
size of the ions will strongly influence whether the new internal energy distribution remains

233

Maxwell-Boltzmann or not.”*> As the molecular size increases, the probability of being under

2 conditions also rises (i.e. the rates of the activation and

rapid energy exchange'!
deactivation steps far exceed the rate of dissociation).?** Thus, for larger ions, the REX limit is
easier to achieve, and under these conditions, there is less deviation from a Maxwell-
Boltzmann distribution.”*® It is worth noting here that the REX limit was first defined for
activation by infrared photons performed at very low pressure conditions in BIRD
experiments.'® In BIRD experiments, at the REX limit, the rates of photon

absorption/emission far exceed the unimolecular dissociation rate, and the precursor ion

population arrives at a thermal equilibrium with its surrounding temperature T.

In the ion trap, owing to the presence of helium at relatively high pressure, the REX limit is
expected to be achieved more rapidly due to the faster energy exchange by collisional
activation. Furthermore, compared to the BIRD technique, higher effective temperatures can
be attained, and smaller precursor ions could reach the thermal equilibrium

130134236 Goeringer et al. tried to experimentally determine the relationship

condition.
between the effective temperature and excitation amplitude by measuring dissociation rate
constants (k) of protonated leucine enkephalin at different excitation amplitudes, and

233 They found a linear relationship

separately, at different temperatures of the bath gas.
between T and excitation amplitude. In their experiment, because of the rather high
dissociation rates (up to 65 s™) observed under resonant activation conditions, direct
application of the Arrhenius equation was impossible.23'3 Subsequently, Gabelica et al.
attempted to perform a general calibration of effective temperature, and experimentally
derive an equation that relates T.s to excitation amplitude for different size of peptide
precursor ions in the temperature range of 365 to 600 K.”*’ In order to fulfill the REX
condition, they worked in the regime of relatively low dissociation rates (0.01 to 5 s™). Their

study found that in the above-mentioned temperature range, effective temperature is a

linear function of excitation amplitude. They explained that, according to the theoretically
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132133 this relation should formally be quadratic. However, they argued

obtained equation,
that, in the limited temperature range (365-600 K), approximating a linear dependence

between T.5and excitation amplitude also has validity.”’

Here we employ a method for estimation of effective temperature of ions undergoing

resonant excitation inside a linear ion trap which is based on the work of Goeringer and

132,133

McLuckey. They extracted an equation describing the effective temperature of the ions

activated by dipolar- single frequency resonant excitation, inside the Paul trap as follows:

o Myas ['2Constant?Vey
efF T At T 6k (m/2)? E(Teps)?

ion

.1

in which Tya: is the temperature of the bath gas, myes is the mass of the bath gas, kg is the
Boltzmann constant, (m/z)i,, is the mass to charge ratio of the ion, I is the compensation
factor for the hyperbolic geometry of the electrodes, Vg is the activation amplitude,
Constant is a coefficient that allows conversion of electric field to the applied voltage given

by: E = Constant x Vge. The parameter §(T.q) is the reduced collision frequency which is a

function of effective temperature, and is given by Equation 5.2:%%®

4 1% 8kBTeff
Torr) ==N Q@D(T, 5.2
§(Terr) = 3 Noas 7 — |— (Terr) (5.2)

Here mjo, is mass of the ion, Ny, is the number density of the neutral gas, u is the reduced
mass defined by (1 = MggsMion/(Mgas*Mion)) and Q(lll)(Teff) represents a collision integral which
depends on the ion/neutral interaction potential.’*® It should be noted that the “collision
cross section” which is usually measured using ion mobility experiments, is in fact the
collision integral or more precisely, momentum transfer collision integral (the two terms are

often used interchangeably).?%*°

By substituting Equation 5.2 into Equation 5.1, and then replacing all the constant

parameters with C as follows:
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3nl'?Constant?
C= ; (5.3)
(16Nyasks)

for singly charged ions T is given by:

(mgas + mion) VRF2
Mion  Terr[2OD(Teps)]?

Teff - Tbath + C X (54)

In our linear ion trap, similar to the Paul trap, precursor ions are excited by applying a
dipolar- resonant excitation voltage to one pair of quadrupole rods. Therefore, Equations 14
to 17 in reference 133 are applicable to the LTQ as well. The differences in the geometry of

LTQ and Paul trap appear in their associated geometry compensation factor, r.1ss

By assuming that Q(l’l)(Teff) is quite weakly dependent on temperature within a limited
temperature range (this will be discussed in the Results and Discussion section), Equation 5.4

becomes a quadratic equation of the parameter T whose solution is given by:

(mgas + mion) VRFZ
Mion (-Q(l'l))z

Tary = 5| Toatn + | (Thaen)? +4C x (5.5)

It should be noted that Equation 5.5 is the only (acceptable) solution for Equation 5.4 (the
other solution results in a negative value for the effective temperature). We have used
Equation 5.5 for calibration of the T4 of ions undergoing resonant excitation in a linear ion
trap. To accomplish this, a reference ion with known collision integral and activation
parameters is needed. In the case where the reference ion is in thermal equilibrium under
low-energy resonant excitation conditions, the Arrhenius equation can be used to obtain its
effective temperature at different excitation voltages. In this way, the value of the constant
C in Equation 5.5 can be obtained using a reference ion. Afterwards, with a known constant
C, the effective temperatures of the other ions can be derived at different excitation
amplitudes by employing Equation 5.5, provided that their collision integral is known.
Therefore, the only main parameters required for T calibration are the constant C and

collision integral Q4.
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Experimental section

The hemicryptophane cage, Zn(ll)@1 (Fig. 1) was provided by courtesy of Prof. Alexandre
Martinez. It had been synthesized as described previously,”” and its stock solution (1 mM)
was made using dichloromethane. Stock solutions (1 mM) of betaine (1), glycine (2), B-
alanine (3), 4-aminobutyric acid (4), 7-aminoheptanoic acid (5), 4-aminobenzoic acid (7),
choline phosphate (11), choline (12) and acetylcholine (13) were prepared in methanol; the
remaining guest molecules (i.e. phenylglycine (6), aminomethanesulfonic acid (8), taurine
(9), and 3-amino-1-propanesulfonic acid (10)), were prepared as aqueous solutions. Dilution
of the host and each guest molecule (1:1) in methanol (to a final concentration of 10 M for

each partner) gave the final individual working solutions.

Leucine enkephalin was purchased from Sigma-Aldrich (Taufkirchen, Germany) and its stock
solution (1 mM) was made in methanol. A working solution of leucine enkephalin was

prepared by diluting the stock solution to the final concentration of 10° M in methanol.

Mass spectrometry experiments were conducted using a LTQ-XL/Orbitrap hybrid instrument
(Thermo Fisher®, San Jose, CA). Solutions were injected into the ion source at 5 pLmin™
using a syringe pump. The electrospray voltage was set at 3.8 kV, capillary voltage at 50 V,

and tube lens offset at 90 V. The drying gas temperature was 275°C, and sheath, auxiliary

and sweep gas flows (all were nitrogen) were set at 35, 0 and 2, respectively (arbitrary units).

Low-energy CID experiments were performed using the LTQ ion trap of the instrument.
Precursor ions of interest were isolated in the LTQ prior to decomposition. For these
experiments, the NCE option was disabled, and instead, peak to peak excitation voltage (V)
was used. Helium was used as trapping and collision gas, and the trapping parameter (q) was
set at 0.25. In all experiments, an isolation window of 10 u was used. In the case of choline
phosphate where a consecutive fragmentation is observed, for the first step of dissociation,
the isolation window was set at 10 u, and for the second step, it was set at 100 u to avoid
any excitation of ions due to the applied waveform employed for isolation. For each
resonant excitation voltage, CID spectra were recorded at different activation times (30 ms -

60 s); all acquisitions were averaged to obtain the final spectrum over a 3 min data collection
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period. For each ion, only the intensity of the first isotopic peak was considered. Afterwards,

by plotting the survival yield as a function of activation time, kinetic plots were obtained.

lon mobility experiments were performed using an exactly the same way as explained in
Chapter 4. Collision cross sections (CCSs) were calculated by the Compass Mobility Calculator

(version 2.0) using the experimental 1/Kj values (Table 5-1).

Results and discussion

Zinc metal coordination with negatively charged ligands, and the simultaneous possibility for
cation-mt interactions, make the Zn(ll)@1 (Figure 5-1a) a promising receptor for ion-pair
recognition. To systematically investigate the hosting capabilities of Zn(ll)@1, various guest
molecules with varying cationic, anionic, and linker portions (Figure 5-1b) were selected for
study. Separate solutions containing the Zn(ll)@1 host with each of the thirteen guest
molecules were prepared individually as 1:1 mixtures. Positive ion mode ESI-MS spectra of
these 1:1 (H:G) mixtures revealed that, with Zn(ll) initially present, the majority of the
complexes had undergone deprotonation to form the singly charged species. Two notable
exceptions, however, were the cases of acetylcholine (13), where the H-G complex was not
observed in the gas phase, and choline (12), where the singly charged H-G complex was
observed, but with two additional chloride anions (or one chloride plus loss of a proton). For
choline phosphate (11) with one negative charge, the singly charged H-G pair was detected.
These observations are in keeping with the heteroditopic property of the hemicryptophane

cage Zn(ll)@1.

The first tandem mass spectrometry experiments attempted were BIRD experiments on the
eleven H-G complexes. None of the complexes, however, were able to decompose within the
accessible temperature range of our BIRD set-up (300 to 410 K). It should be noted that 410
K is the maximum value of our heating system, and even if it were possible to go higher, a
further increase of the temperature would risk damage to the pre-amplifier located near the
ICR cell. It is thus not possible to observe BIRD decompositions of the H-G complexes in our
apparatus. Due to this constraint, the low-energy CID technique was selected to measure the

bonding strengths of the various H-G pairs. In order to use this technique, the first step is
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calibration of the effective temperature of the ions during resonant excitation by exploiting
Equation 5.5. For this purpose, a reference H-G complex (H-Gref) ([(B+2)+H]" complex in
Chapter 4) was selected that is characterized by a structure and a number of DOF (m/z 1068,
number of DOF of 462) very similar to those of the H-G complexes under study. An E, of 1.27
(£0.05) eV and log A of 14.2 (£0.6) were measured for this complex using BIRD technique in
Chapter 4.

Low-energy CID

The low-energy CID technique requires that the selected reference H-G complex have only a
single dissociation pathway. This avoids difficulties that may arise from different competitive
decomposition pathways taking precedence in different dissociation time-windows (which
consequently influence derived activation parameters). Therefore, it is necessary to use a
reference system with a unique dissociation route, such as H-Gs Furthermore, in low-
energy CID experiments, the probability of consecutive fragmentation is very low due to the
resonant excitation of only the precursor ion and not the fragments, and to the very low
amount of energy deposited on precursor ions, resulting in fragment ions that do not have
enough energy to undergo dissociation. By obtaining fragmentation efficiency curves at
different times and energies one can ensure the absence of consecutive fragmentation, and

finally obtain the activation parameters for individual dissociation pathways.

After obtaining the activation parameters for the reference H-G system, temperature
calibration was performed as follows: first, for the H-G,, dissociation rate constants at
various amplitudes (1.2 to 1.6 V) were measured (Figure 5-2). H-G,s has a relatively large
size, and relatively low dissociation rates (0.01 to 0.35 s'!) were observed inside the LTQ. This
strongly suggests that the REX limit condition is fulfilled, and consequently, the Arrhenius
equation (Equation 1.50) can be applied to calculate the effective temperature of H-Gs ions

at each excitation amplitude.
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Figure 5-2- Kinetic plots of H-G, at different resonant activation amplitudes.

In addition to the Vgr and its corresponding Tes, we need Q"% of the reference H-G complex,
in order to derive the constant C in Equation 5.5. For this purpose, we employed ion mobility
mass spectrometry. The measured value for Qi) depends on the employed buffer gas in ion
mobility mass spectrometer. Low-energy CID experiments were performed using helium as
collision gas; therefore, ideally, collision integrals should to be measured by an ion mobility
mass spectrometer that uses He. However, our employed TIMS instrument is designed for
use with nitrogen as the buffer gas (Experimental N,-based collision integrals are presented
in Table 5-1). The proportionality between He-based and Nj-based collision integrals
depends on the chemical nature of the ions, and their difference is more pronounced for

239 Therefore, it can be expected that this proportionality holds for H-G complexes

small ions.
in this study, with very similar chemical nature, and quite large size. This proportionality has
been previously observed®*! for various compounds that are very close in size to the H-G
complexes under investigation in this study. According to the data presented in this
reference,”” the ratio of He-based to N,-based CCS values is almost constant (~0.75) for
rather diverse types of compounds (carbohydrates, peptides and lipids). As such, N,-based
collision integrals were utilized instead of He-based ones. Afterwards, employing a bath gas

133 the constant C was derived using H-G,¢s (Table 5-2). This obtained

temperature of 298 K,
value for the constant was subsequently used to calculate the effective temperature of the

other ions at different excitation amplitudes (employing Equation 5.5).
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Table 5-1- m/z, number of DOF, fragment ion and measured N,-based collision integrals for different
H-G complexes.

Entry Complexion m/z Num.of  Fragmentions(m/z) Ny-based Q? (A?)
DOF
1 [Zn(l)@1+1-H]" 1280.5 513 [Zn(N)@1-H]" (1163.5) 318.6 (£3)
2 [Zn(l)@1+2-H]" 1238.5 486 [Zn(N)@1-H]" (1163.5) 323.7 (£3)
3 [Zn()@1+3-H]® 12525 495  [zZn(l)@1-H]" (1163.5) 327.8 (+3)
4 [Zn(N)@1+4-H]" 1266.5 504  [Zn(l)@1-H]" (1163.5) 333.2 (£3)
5 [Zn()@1+5-H]° 1308.6 531  [zn()@1-H]® (1163.5) 339.1 (+3)
6 [Zn()@1+6-H]° 13145 516  [Zn(l)@1-H]" (1163.5) 339.2 (+3)
7 [Zn()@1+7-H]° 1300.5 507  [zn()@1-H]® (1163.5) 332.5 (+3)
8 [Zn(N)@1+8-H]" 1274.4 489  [Zn()@1-H] (1163.5) 328.1 (£3)
9 [Zn()@1+9-H]° 12885 498  [zn()@1-H]* (1163.5) 326.9 (+3)
10 [zn()@1+10-H]* 1302.5 507  [Zn()@1-H]" (1163.5) 333.7 (£3)
11 [Zn(N)@1+11- 1287.4 492  [zn()@1-H]" (1163.5) 332.0 (3)
N(Me)s]"
12 H-Gief 1068.6 462 [H,er+H]" (951.5) 296.2 (+3)
13 [LEK,Na]* 1133.5 459 [LEKNa]" (578.3) 313.2 (+3)

Table 5-2- Effective temperature and constant C values at different excitation amplitudes obtained
using dissociation of H-G,. in the linear ion trap.

Ve (V) Tefr (K) Cc
1.2 390 2.17E+09
1.3 402 2.15E+09
1.4 413 2.11E+09
1.5 422 2.04E+09
1.6 437 2.07E+09

For all H-G pairs, dissociation rate constants (k) were measured at various amplitudes, and
then Arrhenius plots were obtained by plotting /n k as a function of 1/T.s. The m/z, number
of DOF, fragment ion and measured N,-based collision integrals for different H-G complexes
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are presented in Table 5-1. A typical low-energy CID spectrum and kinetic plot of an example
H-G complex are presented in Figure 5-3, and the Arrhenius plots of all the complexes are
presented in Figure 5-4. Finally, E, and log A values for each H-G complex were calculated

using the slope and intercept of the corresponding Arrhenius plot (Table 5-3).
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Figure 5-3- (a) MS/MS spectrum of the m/z 1252 [(Zn(ll)\@1+3)-H]" precursor obtained using low-
energy CID at 1.9 V excitation voltage and 50 s decomposition time. Due to the employed resonant
excitation, only the first isotope of the precursor ion (m/z 1252) is decomposed. (b) Kinetic plots of
[(Zn(I)@1+3)-H]" obtained at different excitation amplitudes.

All the H-G complexes in this study dissociate in a very narrow effective temperature range,
and the difference between the minimum and maximum temperature of the Arrhenius plot
for each individual H-G complex is less than 64 K. In a very recent paper of Gabelica and
Marklund,zg‘9 the effect of temperature on CCS was studied, and based on their findings, it

seems that our assumption (used in the Methodology Background section) that the collision
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integral is independent of the temperature is, in fact, very close to reality. In the context of
that study, for a singly charged ion, a change of 64 K in the temperature span of 390-590 K
should not result in a significant change in CCS. Furthermore, in another study,m'243
tabulated numerical calculations of Q“’”(Teff) for various compounds show that as Ty
increases, the collision integral decreases very slowly. Therefore, for a temperature range of

64 K, we consider our assumption to be reasonable.
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Figure 5-4- Experimental Arrhenius plots of the eleven H-G pairs obtained using low-energy CID. The
Arrhenius plots of the reference H-G complex H-G,.;and (LEK,Na)" are also displayed.

It should be noted that dissociation of complex 11, [Zn(ll)@1+11]", consists of two steps, and
the activation parameters reported in Table 5-3 correspond to the second step of
dissociation. Fragmentation of this complex will be discussed later. Parenthetically, it should
be mentioned that, as a consistency check, similar experiments were performed on the
sodium bound dimer of leucine enkephalin (LEK,;Na)" with m/z of 1133.5 and number of DOF
of 459, and its Arrhenius plot is included in Figure 5-4. Measured activation parameters: E; =
1.61 + 0.10 eV and log A = 16.7 + 1.5 are close to published values for (LEK,Na)" obtained
using the BIRD technique (E, = 1.46 + 0.07 eV and log A = 16.7 + 0.9 ).**°
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Table 5-3- Activation parameters for dissociation of Zn complexes measured by low-energy CID in the

linear quadrupole ion trap.

H-G Pairs E; (eV) log A

[Zn(l)@1+1-H]* 1.66 (+0.08) 15.0 (+1.1)
[Zn()@1+2-H]" 1.45 (+0.10) 14.2 (+1.2)
[Zn()@1+3-H]* 1.44 (+0.08) 14.1 (£1.2)
[Zn(I)@1+4-H]" 1.47 (+0.09) 14.3 (+1.3)
[Zn()@1+5-H]* 1.51 (+0.08) 14.4 (£1.2)
[Zn(l)@1+6-H]* 1.66 (+0.08) 15.3 (£1.2)
[Zn(l)@1+7-H]* 1.57 (+0.07) 14.5 (+1.1)
[Zn(I)@1+8-H]* 1.48 (+0.13) 14.4 (£1.5)
[Zn(l)@1+9-H]* 1.79 (+0.06) 14.7 (+0.8)
[Zn(1)@1+10-H]" 1.72 (+0.06) 14.2 (+0.9)
[Zn(I)@1+11- N(Me)s]" 1.93 (+0.11) 15.1 (+0.9)

Comparison of H-G complexes for various guests

The pre-exponential factors obtained using low-energy CID experiments in the LTQ are very
similar for all the H-G complexes (an average of 14.6). Therefore, for comparing their
stabilities, one can directly rank their activation energies. In addition, it can be expected that
dissociation of all the complexes is occurring with almost the same type of rather “loose”
transition state (i.e., a high value of the activation entropy (usually log A > 14),'% is
characteristic of direct bond cleavage from a transition state whose structure resembles
those of the fragments (late transition state) with a negligible reverse activation barrier). A
closer look at the series of guests bearing a carboxylate function: glycine (2), B-alanine (3), 4-
aminobutyric acid (4) and 7-aminoheptanoic acid (5), reveals relatively weak interactions in
this group of guests. Moreover, increasing the size of the alkyl chain does not have a
substantial effect on the H-G binding strength. Each guest molecule in this group is likely to
exhibit similar types of interactions with the host, i.e. zinc metal coordination,”” along with

42,244

possible cation-m interaction and hydrogen bonding.245
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In considering the complexes of phenyl glycine (6) and 4-aminobenzoic acid (7) (Figure 5-1b),
their sizes are similar, but their main difference is the position of the ammonium and
carboxylate functional groups. As can be seen in Table 5-3, their activation energies are
almost the same, indicating that the H-G interaction in this case is only slightly influenced by
the relative location of the carboxylate and the ammonium. In addition, their complexes are
more stable compared to the previous group, likely due to the possibility for n-m interactions

between the phenyl groups of these two guests and the linkers in the cage structure.

In considering betaine (1) versus glycine (2) (Figure 5-1b), these two molecules differ only by
the presence of a trimethylammonium group (-N(CH3);’) on the former, instead of an
ammonium group (-NH3") on the latter. The main interactions that methyl groups of betaine
could participate in are C-H...mw interactions with the host, and the contribution of this
interaction results in a distinction between 1 and 2, because the trimethylammonium moiety

clearly augments the host-guest interaction.

In comparing the three guests bearing a sulfonate group (Figure 5-1b), only the length of the
alkyl chain separating the sulfonate function from the ammonium group is changing. It can
be seen that complexes of taurine (9) and 3-amino-1-propane-sulfonic (10) acid have higher
binding energies compared to that of the shortest chain aminomethanesulfonic acid (8).
With the sulfonate group tethered to the Zn(ll), this result suggests the importance of the

ammonium position to participate in H-G stabilization and increase interaction with the host.

For the all guests in this study, deprotonated H-G complexes (+1 charge state) are formed in
the gas phase except for choline phosphate (11) which has a net charge of -1. Guest 11, like 1
has a 3-methylammonium group on one extreme, but unlike any other guest, it has
phosphate functional group. The higher stability of [Zn(ll)@1+11]" results from substantial
interactions like coordination of the phosphate ligand to the metal, C-H..m and
cation...mw interactions, and hydrogen bonding. Additional evidence for this strong interaction
comes from the unique fragmentation pattern of [Zn(ll)@1+11]" (Figure 5-5). For all other H-
G pairs, the only fragmentation pathway is the loss of guest molecule, but for
[Zn(l)@1+11], at low collision energy, the main fragment is loss of N(CHs)s. Then, at higher

energies, loss of the whole guest becomes evident (Figure 5-6). The reported E, value in
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Table 5-3 corresponds to the second step of dissociation. It is worth noting that in deriving

the activation parameters for [Zn(ll)@1+11-N(CHs)s]’, the experimental collision integral for

the initial H-G pair was used, not that of H-G after loss of N(CHs)s. This inaccuracy is

considered in the calculation of uncertainties for this H-G complex, and it was seen that even

a deviation as large as + 30 A? does not have a substantial effect on the measured activation

parameters.
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Figure 5-5- Two-step dissociation pathway of [Zn(ll)@1+11]".
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Figure 5-6- Normalized intensities for the [Zn(ll)@1+11]" and its fragments as a function of laboratory
frame collision energy, recorded using HCD mode of the LTQ-XL/Orbitrap hybrid mass spectrometer.

The result that the binding energy of [Zn()@1+11]" is higher than all other guests is in

complete accordance with what was observed previously in the solution phase (dimethyl

131



BAYAT Parisa — These de doctorat - 2018

sulfoxide containing 2% water).”” In that study, nuclear magnetic resonance spectroscopy
experiments showed that 11 is fully encapsulated by the Zn(ll)@1 cage, and fluorescence
spectroscopy showed that this guest has the highest power of quenching the fluorescence of

the host, showing that Zn(I1)@1 has a high affinity towards 11.>’

These results as well as the geometry optimization using density functional theory (DFT) for
[Zn(1)@1+11]" complex in a previously published paper,® allow us to classify host-guest
interactions between hemicryptophane, Zn(ll)@1, and biologically relevant guests, 1-11, as a
function of two principal interactions. First, the anionic moiety that is coordinated to Zn(ll) is
of primary importance to stabilize the complex, leading to the following stability trend:
phosphate (-OPO5s*) >> sulfonate (-SO3’) > carboxylate (-CO;) in agreement with results
obtained in solution. Second, the cationic part can have an interaction with the CTV cap of
the hemicryptophane or the naphtyl linker. The ammonium of guests 2-7 are deduced to
have a very weak interaction in the host-guest complexes because whatever the carboxylate-
ammonium distance is, the dissociation energy is almost the same. However, in the case of
sulfonated guests (6-8), the ammonium-sulfonate distance becomes more important to
stabilize the host-guest complexes. Lastly, an even more pronounced feature enabling a
heightened cation-m interaction is the presence of trimethylammonium (N(CHs)s*) instead of
ammonium (NH3%). Even so, this interaction remains less important than ligand-metal

coordination.
Calculation of uncertainties

Uncertainties in activation energies and pre-exponential factors, measured using the low-
energy CID method, were estimated by first including uncertainties in the activation
parameters of the reference H-G complex measured using the BIRD technique, and then,
considering a maximum expected deviation of + 0.1 V in the excitation voltages, + 30 K in the
initial temperature of the ions (Tye), and + 3 A% in the measured collision integrals. In
addition, uncertainties in each individual dissociation rate constant were calculated using the

LINEST function of Microsoft Excel.
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In the case of the [Zn(l)@1+11]" complex, because the measured collision integral was
obtained for the initial complex (and not for the species after loss of N(CH3)3, a maximum

expected deviation of + 30 A> was considered in the measured collision integral.

All these uncertainties were used in the calculation of the maximum uncertainties in
activation parameters using the upper-lower bound method of uncertainty propagation

(explained in Chapter 4).
Conclusion

H-G chemistry of a hemicryptophane host with heteroditopic character that is potentially
useful in ion-pair recognition, Zn(ll)@1, was studied in the gas phase. Activation parameters
of various H-G complexes formed by guests with different functional groups were derived
using a low-energy CID approach that included kinetic experiments in a LTQ. The relatively
large residence time of the ions inside the linear ion trap (maximum of 60 s) allowed
studying reactions with rates less than 1 st This possibility, as well as the large size of the
ions, ensures the fulfillment of REX conditions, and as a consequence, accurate application of
the Arrhenius equation. Compared to the BIRD technique, here we had access to the higher
effective temperature required to probe more endothermic decomposition pathways. As a
result, we were able to measure activation parameters for the H-G complexes that were not
sufficiently fragile to be fragmented within the practical (limited) upper temperature range

of our BIRD set-up.

Based on the measured activation energies, and considering the fact that all complexes were
characterized by similar pre-exponential factors, the contribution of various functional
groups to the final stabilities of H-G complexes can be ranked: guests bearing a phosphate (-
OPO;%) functional group make stronger interactions with the encapsulating cage than those
with a sulfonate (-SO3’) group, and the latter ones make stronger bonds than those with a
carboxylate (-CO;) group. In addition, we observed that the presence of
trimethylammonium (-N(CH3)s*) or phenyl groups in the guest’s structure, improves the

strength of host-guest interactions.
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In summary, low-energy CID has been used to compare a series of H-G complexes with
similar chemical nature that were dissociating in a limited temperature range (390-590 K).
More generally, this approach can be used for the calibration of the effective temperature of
ions undergoing low-energy CID fragmentation provided that: 1) activation parameters of
the employed reference molecule are measured with a high accuracy, and 2) the REX
condition is fulfilled for both the reference and compounds with unknown activation
parameters. This method is very simple to use, does not require any instrumental

modifications, and does not have any practical limitations.
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Chapter 6: Investigating binding energies of
host-guest complexes using higher-energy

collision dissociation in the gas-phase
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Introduction

Higher-energy collision dissociation (HCD) is a non-resonant excitation mode which takes

139
In

place in a dedicated octopole collision cell of the LTQ-XL/Orbitrap hybrid instrument.
this cell, precursor ions are excited by the voltage offset between the C-Trap and HCD
octopole, allowing energy uptake upon collision with N, (collision gas) and leading to
subsequent decompositions. Afterwards, the product ions and the remaining precursor ions

are transferred into the Orbitrap for detection.*'"*

Commonly, for comparison purposes,
survival yield is plotted as a function of energy in the center of mass frame.?” SY curves have
sigmoidal shapes, and their inflection points are usually used to compare the relative

226,227,246°298 Thare are various parameters influencing the

stabilities of a series of complexes.
position of the SY curves such as: the number of collisions (which depends on the size of the
ion and the target gas pressure), critical energy, entropy of activation, and available time for

"9 (i e. the energy excess

decomposition that all combine to determine the "kinetic shift
that needs to be applied to the precursor ion relative to its critical energy of dissociation in
order to observe fragmentation in the time scale of mass spectrometric detection). By using
energy in the center of mass frame, the effect of the changing mass of the ions can be taken
into account. However, there is a need for a means to more thoroughly consider all of the

above-mentioned influencing parameters.

In the current section of this thesis, the same H-G systems as studied in Chapter 5 have been
selected (a heteroditopic hemicryptophane cage (Zn(ll)@1) (Figure 5-1a) as host for some
biologically relevant guests (Figure 5-1b)). Relative stabilities of the various H-G complexes

were investigated using higher-energy collision dissociation (HCD)"**

to generate SY curves,
followed by RRKM modeling. 81838687 Similar to the low-energy CID technique, this approach
requires preliminary calibration of the internal energy distribution. This was achieved by use
of one of the H-G complexes of Chapter 5, namely, [Zn(ll)@1+1-H]*, whose activation

parameters were known from low-energy CID experiments.
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Experimental section

Working solutions were prepared in the same way as explained in Chapter 5. Experiments
were performed using a LTQ-XL/Orbitrap hybrid instrument (Thermo Fisher®, San Jose, CA).
ESI-MS acquisitions were performed in the positive ion mode using a mass resolving power
of 3 x 10* at m/z 400. The average scan number was set at 5, and the maximum ion injection
time at 200 ms. The electrospray voltage was set at 3.8 kV, capillary voltage at 50 V, and
tube lens offset at 90 V. The drying gas temperature was 275°C, and sheath, auxiliary and
sweep gas flows (all were nitrogen) were set at 35, 0 and 2, respectively (arbitrary units).

Solutions were injected into the ion source using a syringe pump at 5 uLmin'l.

For HCD experiments, the precursor ions were isolated with an isolation window of 3 u in the
LTQ. These ions were decomposed in the HCD cell with an activation time of 30 ms using N,
as collision gas, prior to analysis in the Orbitrap. A detailed explanation of the HCD
decomposition mode of the LTQ/Orbitrap hybrid instrument is presented in a previously

published paper.'’*

Modeling detail

199

Kinetic modeling of HCD experiments was performed using MassKinetics™ Scientific Demo

software (version 1.17.2.648 Beta, provided by courtesy of Prof. Laszl6 Drahos). Calculations

81,83,86,87

were performed within the RRKM formalism. Vibrational frequencies of the

197,198

precursor ions were calculated using the GAMESS computational package at the

Hartree—Fock level of theory employing a Slater-type basis set. Although this level of theory

9091 that RRKM calculations are not sensitive to the

is relatively low, it has been shown
vibrational frequencies when considering only the initial state. A decomposition time of 5
ms*’! was used for simulation of SY curves. For this purpose, deposited internal energy and
its evolution with time were modeled based on a truncated Maxwell-Boltzmann distribution

171,200,201,249

and characteristic temperature (Tchar) whose concepts are explained in the first

chapter.
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In Chapter 5, from the Arrhenius plots (obtained using low-energy CID experiments,
Figure 5-4) activation energies (E,) where experimentally measured. In order to extract
critical energies (Ep) which are necessary for RRKM modeling of survival yield curves,
MassKinetics'*® Scientific software (version 1.17.2.648 Beta) was utilized. For this purpose,
calculations were performed considering that ions stay in thermal equilibrium during their
fragmentation. Using this model, critical energies were adjusted until the best fit between

the experimentally recorded Arrhenius plots and the calculated ones was achieved.

Results and discussion

In order to perform RRKM modeling to extract critical energies from survival yield curves of
H-G complexes, the first step is calibration of the deposited internal energy distribution
during HCD experiments. Here, we employed the [Zn(ll)@1+1-H]" complex as a reference
complex whose activation parameters were measured using the low-energy CID technique
(Chapter 5). From low-energy CID experiments, the activation energy of the reference H-G
complex is known (E, of 1.66 + 0.08 eV); however, for calibration of mean internal energy
using RRKM modeling, its critical energy is required. In order to calculate the critical energy,
one needs to have a precise description of the transition state. However, for a large system
like the [Zn(I1)@1+1-H]" complex, it is difficult to computationally define the transition state.
For this reason, the experimentally measured pre-exponential factor (log A = 15.0 (+1.1)) is
used in the MassKinetics software. Then, considering a thermal system, the critical energy
was adjusted until the best fit between the experimentally recorded Arrhenius plot and the
calculated one was achieved (Figure 6-1). By doing so, an E, of 1.54 eV was obtained for the

reference system.

Afterwards, for calibration of the deposited internal energy, <E;,+>, and corresponding Tcuar
for each point of the SY curve of the reference complex were obtained using the truncated
Maxwell-Boltzmann model. A linear relationship between the energy in the laboratory
171,200,201,249

frame of reference and the mean internal energy was established as follows

(Figure 6-2):

< Eppp >=0.1605 X Ejpp + 2.4643 (6.1)
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Figure 6-1- Experimentally obtained (data points), and calculated (line) Arrhenius plots for the
dissociation of the [Zn(I)@1+1-H]" complex.
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Figure 6-2- (a) Experimental SY curve for the dissociation of H-G,es using HCD. (b) Plot of the calculated
mean internal energy versus energy in the laboratory frame of reference.
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In the above equation, the y-intercept of 2.46 eV represents the initial internal energy of the
ions before HCD, and corresponds to a characteristic temperature of 305 K for the reference
complex. This initial temperature is not far from the temperature of the target gas which is

expected to be close to room temperature.235

Because all of the H-G pairs under study have very similar structures and number of DOF, it
was assumed that the energy deposition is the same for all H-G complexes in the series.
Thus, Equation 6.1 was used for all other H-G complexes to gauge the deposited internal
energy distribution in each case by replacing its intercept with the mean internal energy of

the chosen H-G complex at initial temperature (305 K).

After calibration of deposited internal energy, pre-exponential factor values, which were
measured using the low-energy CID resonant excitation approach (Chapter 5), were
employed to calculate SY curves. The critical energy of decomposition for a given H-G
complex was adjusted until the best fit between the experimental and calculated SY curves

was attained.

Obtained critical energies (Eg ncp) are presented in Table 6-1. Furthermore, guests have been
classified based on their functional groups, and then for each class, calculated and
experimental SY curves, in addition to the Arrhenius plots obtained in Chapter 5, are shown
in separate plots in Figure 6-3. It should be noted that for the complex of guest 11,
[Zn(I)@1+11], dissociation consists of two steps and since we do not have any information
about the pre-exponential factor and critical energy of the first step, it was not possible to

calculate the critical energy of the second step of the dissociation.

In order to have a direct comparison between the data obtained in this chapter using the
HCD approach and those obtained using low-energy CID in the previous chapter, an attempt
was made to extract critical energies of the H-G complexes from the activation parameters
obtained by low-energy CID experiments. For this purpose, by considering a thermal system,
RRKM modelling was performed to fit the experimentally obtained Arrhenius plots in
Chapter 5. This is the same method as was used earlier for simulation of the Arrhenius plot

of the reference H-G complex, [Zn(ll)@1+1-H]", achieved by low-energy CID to calculate its
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critical energy. These calculated critical energies appear in the column labeled “Eg7” in
Table 6-1. For extracting the critical energies from activation parameters, one other method

250 |n that

was used which is based on a previously published paper of Laskin and Futrell.
paper, they have concluded that “Tolman’s correction factor (AE.,,) increases linearly with
log A from 3 kcal/mol for log A = 16.2 to 36.4 kcal/mol for log A = 39.2.”%° Here, this linear
relation is exploited to calculate Tolman’s correction factor for different H-G pairs. Then,

critical energies were calculated using Equation 6.2 at 500 K.'*®

E, = Ey + AEoypy + kT (6.2)

Table 6-1- Critical energies for dissociation of Zn complexes measured by the HCD approach.

HCD approach Low-energy CID
H-G Pairs Eouco (eV) E, (eV) Eo 10 (€V) Eomm(eV)
[Zn(N)@1+1-H]" 1.54 (+0.08) 1.66 (+0.08) 1.56 (+0.11) 1.54 (+0.08)
[Zn(h)@1+2-H]" 1.45 (£0.11) 1.45 (£0.10) 1.40 (£0.13) 1.37 (+0.10)
[Zn(N)@1+3-H]" 1.43 (+0.09) 1.44 (+0.08) 1.39 (+0.11) 1.36 (+0.08)
[Zn(l)@1+4-H]" 1.42 (+0.10) 1.47 (+0.09) 1.41 (+0.12) 1.38 (+0.09)
[Zn()@1+5-H]" 1.39 (+0.09) 1.51 (+0.08) 1.43 (£0.11) 1.41 (+0.08)
[Zn(l)@1+6-H]" 1.56 (+0.09) 1.66 (+0.08) 1.54 (+0.11) 1.53 (+0.08)
[Zn(N)@1+7-H] 1.50 (+0.12) 1.57 (+0.07) 1.50 (+0.13) 1.47 (+0.07)
[Zn(l)@1+8-H]" 1.49 (+0.15) 1.48 (+0.13) 1.40 (+0.16) 1.38 (+0.13)
[Zn()@1+9-H]" 1.79 (+0.06) 1.79 (+0.06) 1.74 (+0.08) 1.68 (+0.06)
[Zn()@1+10-H]* 1.70 (+0.06) 1.72 (+0.06) 1.70 (+0.08) 1.63 (+0.06)

These calculated critical energies appear in the column labeled “Eq 1,” in Table 6-1. To enable
visual comparison of the critical energies obtained using the three different mass
spectrometric techniques, Figure 6-4 displays results obtained for each H-G complex. From
this figure, it is evident that Eg 7, and Eq 1, values are very close to each other, and in most
cases both are lower than Eyncp values. This latter difference can be due to the fact that the

same slope was used for the reference H-G complex ([Zn(l1)@1+11]") and all other H-G pairs
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Figure 6-3- Arrhenius plots (left side) obtained using low-energy CID; and experimental (points), and
theoretical (lines) SY curves (center) obtained using HCD approach for the H-G pairs studied in
Chapters 5 and 6, classified based on the functional groups present on the guests (right).

in the calibration of mean internal energy in the HCD approach (Equation 6.1), which can

result in uncertainties in Egpcp. It should be noted that Eyr, and Egry values also contain
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uncertainties. In particular, in the former, an approximate relationship between log A and
AE o was used for calculation of Ey1, values, and in the latter, due to the difficulty in the
calculation of real transition state, experimentally-obtained pre-exponential factors (with

inherent associated error) were utilized in the procedure for calculation of Ey 1, values.
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Figure 6-4- Calculated critical energies using three different methods: (1) extracted form results of
low-energy CID experiments in Chapter 5 using (a) a linear relation presented by Laskin®° (E, ) at
500 K, and (b) MassKinetics software with presuming a thermal model (Ey ), and (2) using HCD
approach (Eyco)-

Comparison of low-energy CID resonant excitation with HCD non-resonant

approach

Through Chapters 5 and 6, two different techniques were employed to estimate binding
energies of a series of singly charged H-G complexes. Both techniques consider that the
multiple collision regime leads to Maxwell-Boltzmann internal energy distributions. But on
the one hand, low-energy CID is a resonant activation technique in which a lengthy
activation time is used (by collision with helium), and where the REX limit is achieved (for

large systems). The precursor ion population may thus be considered to be in thermal
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equilibrium during all steps of activation and decomposition (Figure 6-5a). On the other
hand, HCD employs non-resonant activation (by collision with nitrogen) where the rate of
the unimolecular dissociation is much higher than the activation/de-activation of the ions.
Therefore, the higher energy tail of the distribution dissociates rapidly, leading to a Maxwell-
Boltzmann distribution of internal energy that is truncated on the high-energy end

(Figure 6-5b).
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Figure 6-5- Schematics of (a) thermal model for dissociation of H-G complexes by low-energy CID, and
(b) truncated Maxwell-Boltzmann for dissociation of H-G complexes during HCD process.

The method of Vékey and co-workers®>* was used to evaluate temperature-dependent rate
constants measured using the various techniques. Figure 6-6 presents the Arrhenius plots of

three different H-G pairs: H-G¢f (in Chapters 4 and 5, log A = 14.2), [Zn(l)@1+5-H]" (log A =
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14.4) and [Zn(I)@1+7-H]" (log A = 14.5) obtained using low-energy CID and HCD techniques.
The Arrhenius plot of H-G,¢f, acquired using BIRD technique is also displayed. BIRD was used
to measure activation parameters of H-G,.s complex ([(B+2)+H]") in Chapter 4. An advantage
of this technique is that the real temperatures (T,.,) Of the ions are taken into account and
therefore, in contrast to the two other techniques, there is no need for temperature
calibration. However, only a relatively low temperature range is accessible (Figure 6-6) which

limits BIRD's application to relatively low-energy dissociations.
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Figure 6-6- Arrhenius plots of H-G,e, [Zn(l)@1+5-H]" and [Zn(Il)@1+7-H]" obtained using low-energy
CID and HCD techniques. Arrhenius plot of H-G,.;, acquired using the BIRD technique, is also displayed.
The second technique is low-energy CID which involves the effective temperature of the
ions. As is evident from Figure 6-6, the main advantage of this resonant activation technique
is that it enables access to higher temperatures compared to the BIRD technique. In this
technique due to the low amount of energy deposition and also resonance excitation of ions,

probability of consecutive fragmentations is minimal. In addition, using low-energy CID

technique, even smaller molecules compared to the BIRD technique can be in REX limit.
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Finally, using the HCD technique that encompasses the characteristic temperature of the
ions, one can gain access to even higher energies than low-energy CID. The Arrhenius plot of
the H-G pairs acquired using the HCD method (Figure 6-6) shows that at the beginning of
fragmentation; Tcue is almost equal to T.g and the employed RRKM modeling works well.
But, at higher dissociation rates, where the internal energy distribution of the precursor ion
population starts to become more truncated at the higher energy portion, T, begins to

deviate from T.¢. Important features of the above-mentioned techniques are summarized in

Figure 6-7.

+ Absolute energy  Faster than BIRD
measurement * Larger energy range
(REX limit) accessible

. ng—er}ergy * Minimal consecutive
dissociation fragmentations

« Reference Low-energy « No instrumental
calibration CID modifications

* No post-run

calculations
cgr::':\girolg desgh « Smaller systems
(REX)

RRKM modeling

+ Temperature
calibration required

+ Simple to implement

« Temperature calibration
required

* Transition state must be
known

Figure 6-7- Main characteristics of different techniques employed to measure bond dissociation
energies in this thesis.

Conclusion

H-G chemistry of Zn(ll)@1 hemicryptophane cage was studied in the gas phase using the
HCD fragmentation technique in conjunction with RRKM modeling. Critical energies very
similar to those extracted from low-energy CID experiments were obtained. This technique is
very simple to perform, and can provide somewhat reliable results. However, in addition to

the requirement for temperature calibration (as in low-energy CID), the main limitation of
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this method is that we need to have information about the pre-exponential factor of the
complexes to calculate the critical energies. Therefore, utilization of this technique is only
possible when there is some information about the transition state and entropy of

dissociation.
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Chapter 7: Dissociation energetics of lithium-
cationized [-cyclodextrin and maltoheptaose
studied by Ilow-energy collision induced

dissociation
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Introduction

Native cyclodextrins (CDs) are cyclic oligosaccharides that are composed of 1,4 linked a-D-

252-255

glucose monomers making a truncated cone shape structure (Figure 7-1). The rims at

the top and bottom of the cone bear primary and secondary hydroxyl groups, respectively,
affording hydrophilic properties to the rim portions of these molecules. In addition, the

interior space between the rims forms a hydrophobic cavity, that can accommodate or

255

“host” different “guest” molecules.” Furthermore, the properties and functionality of CDs

can be adjusted by performing various chemical modifications on their structures.’>® Both

native and functionalized CDs have been employed in various applications such as drug

12,252,257-259 261-263

delivery, molecular recognition,”® organic synthesis and catalysis, sensor

264 265,266

design, chromatographic techniques, chiral capillary electrophoresis,267 and

host-guest chemistry.zss’269

HO,

> :
Hydrophobic,
cavity OH 0

Hydrophilic rim \%/Z(; OHp OH

Hydrophilic rim
y P n=1a-CD

n=2p-CD
n=3y-CD

n

Figure 7-1- General structure of native cyclodextrins.

Metal complexes of cyclodextrins are appealing molecular systems due to their potential

271

applications in areas such as catalysis270 including their use as model enzymes.”’~ For this

reason, different studies have been performed to characterize metal-CD complexes using

272-274 274-276

various techniques such as electrochemical approaches, spectroscopic methods,

X-ray crystallography,?”’ circular dichroism,?’® gas chromatography-mass spectrometry,®’
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computational methods,?*° electrospray mass spectrometry,23°’281'285

etc. Despite numerous
studies investigating different aspects pertaining to the chemistry of metal-CD complexes,
only a few works have been devoted to the quantitative measurement of their dissociation

energetics.

Gas-phase (i.e. in the absence of solvent) dissociation energetics of metal-CD complexes can
provide helpful information about their stabilities. For this purpose, various tandem mass

spectrometry techniques can be employed such as blackbody infrared radiative

106,109,184 180-183

dissociation, threshold collision induced dissociation, collisional activation in a

187,188,286 130,134,185

FTICR instrument, and thermal activation in a quadrupole ion trap.

In Chapter 5, low-energy CID was employed to measure the activation energy, E, and the
pre-exponential factor, A for a series of H-G complexes. In that study, the change in the
temperature of ions undergoing dipolar- resonance excitation inside the linear quadrupole
ion trap was calibrated by applying the equation derived by Goeringer and McLuckey'****
for the effective temperature to a reference H-G complex. In the current Chapter, using the
same technique, a comparative study of dissociation energetics is performed on Li°
complexes of two similar oligosaccharides: B-cyclodextrin (3-CD, a native CD with seven a-D-

glucose monomers, Figure 7-1) and maltoheptaose (G;) also containing seven a-D-glucose

monomers, but in a linear configuration.
Experimental section

[3-CD was purchased from Roquette (Lestrem, France), and G; and LiCl were obtained from
Sigma-Aldrich (Saint-Quentin Fallavier, France). Stock solutions (1 mM) of B-CD and G; were
prepared in methanol/water (1:1 v/v) and that of the LiCl (1 mM) was prepared in water.
Individual working solutions were prepared by dilution of each oligosaccharide and salt (1:1)

in methanol (to a final concentration of 10 M for each partner).

Low-energy CID and ion mobility experiments were performed in exactly the same way as
was explained in Chapter 5 and Chapter 4, respectively. Collision cross sections of 297.8 A?

and 286.6 A% were obtained for [B-CD+Li]" and [G/+Li]", respectively.
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CID experiments on a triple quadrupole mass spectrometer were performed in exactly the

same way as explained in Chapter 4 for “high-pressure CID” experiments.
Results and discussion

Preliminary experiments involved obtaining MS/MS spectra of precursor alkali metal (Li*, Na*
and K') adducts of B-CD and G;. However, among these metal-cationized precursors,
fragmentation spectra of sodiated and potassiated sugars acquired using a triple quadrupole
mass spectrometer (which allows access to low m/z fragments) revealed departure of the
bare alkali metal ion. Therefore, due to the LMCO limitation, it was not possible to use low-
energy CID for Na* and K adducts of oligosaccharides. In CID spectra of lithiated B-CD and
G, loss of Li was not observed, and therefore, lithiated adducts are amenable to the low-

energy CID technique.

Fragments of [G;+Li]" were annotated using the nomenclature of Domon and Costello,*”* and

281287 terminology based

those of the [B-CD+Li]* were annotated using previously publishe
on the Domon and Costello nomenclature but adapted for cyclic oligosaccharides that lack

the reducing end.

Low-energy CID spectra of lithiated B-CD and G precursors, i.e., [B-CD+Li]" and [G+Li]",
respectively, are shown in Figure 7-2. The major product ions obtained for [B-CD+Li]* under
the mentioned experimental conditions correspond to the formation of Z type ions, plus a
small quantity of [C;/Ye+Li]", and a trace of the fragment resulting from loss of water from
the precursor ion (Figure 7-2a). In considering [Gs+Li]", which differs from the former
oligosaccharide complex only by its structure being linear instead of cyclic, a different
fragmentation pattern is observed (Figure 7-2b). For [G,+Li]", the peak resulting from loss of
water is more intense compared to [B-CD+Li]*, and in addition to the Z type fragments, Y
type ions are also observed. Furthermore, the presence of an intense peak corresponding to
cross-ring cleavage (>*Xg or ®?A;) is evident (Figure 7-2b). High abundances of this ion, as
well as the fragment corresponding to water loss can be explained by the involvement of the
reducing end of the [Gs+Li]" in both dissociation channels. However, due to the absence of

the reducing end in [B-CD+Li]*, formation of these fragments is inhibited for this precursor.
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Figure 7-2- Low-energy CID spectra of precursor: (a) [S-CD+Li]" obtained with 10 s activation time and
excitation voltage of 2.7 V, and (b) [G+Li]" recorded with 10 s activation time and 2.6 V excitation
voltage.

It should be noted that because of the symmetric nature of both precursor ions, two or more
possibilities exist for formation of the labeled fragments, and it is not straightforward to
distinguish between the potential origins. However, this can be accomplished with the help
of isotopic labelling,”® but that is beyond the scope of the current work.
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Figure 7-3- FECs as a function of excitation voltage at 10 s decomposition time for precursor ions: (a)
[5-CD+Li)" and (b) [G+Li]".
Fragmentation efficiency curves (FECs) at a reaction time of 10 s for the decompositions of
[B-CD+Li]" and [Gy+Li]" are shown in Figure 7-3. From this data, differences in the observed
fragments are more obvious. Indeed, if only the most abundant fragments are considered, it
can be seen that in the case of [B-CD+Li]*, glycosidic bond cleavages are the main processes

and Z type ions are the most abundant fragments. Conversely, for [Gs+Li]", cross-ring
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cleavage (>*X¢(*?A7)) is the dominant dissociation channel, although loss of water and

glycosidic bond cleavages (Y(C) and Z(B) type ions) are also apparent.

The most important point to deduce from the FEC data in Figure 7-3 is that for both [B-
CD+Li]" and [G7+Li]", formation of all fragments is occurring in parallel which indicates that
under the experimental conditions of low-energy CID, mainly competitive fragmentations
are observed. This is due to the low amount of energy deposition on the precursor ions. In

106,109,184

addition, unlike other low-energy activation techniques such as BIRD or thermal

decompositions in ion traps,"%"**

in low-energy CID, ions are resonantly excited, and as a
consequence, only precursor ions of interest are activated, whereas fragment ions are not
recipients of the excitation. Therefore, by knowing that subsequent dissociations of the
fragment ions are minimized in the low-energy CID technique, one can readily measure the
activation parameters for various dissociation channels provided that the effective

temperature of the ions inside the ion trap at each excitation voltage is calibrated.

In 1996, Goeringer and McLuckey****? derived an equation for describing the evolution in
effective temperature of ions inside an ion trap as a function of dipolar- single frequency
resonant excitation voltage. In Chapter 5, we employed their derived equation to calibrate
Tefr Of ions in the linear ion trap using a reference H-G complex, H-G,.;, whose activation
parameters had been measured using the BIRD technique (Chapter 4). Equation 5.5 for T of

singly charged ions undergoing low-energy CID was obtained:

(mgas + mion) VRF2
Mion (0(1,1))2

Terr = % Tpath + | (Tpaen)* + 4C X (5.5)

where Ty is the temperature of the bath gas, mg,s is the mass of the bath gas, mjo, is the
mass of the ion, C is a constant, QY is the momentum transfer collision integral and Vge is
the amplitude of the radio frequency excitation voltage. Here, the same approach as was
utilized in Chapter 5 has been used to obtain the activation parameters of the lithiated
oligosaccharides. First, unimolecular dissociation rate constants (k) at each excitation
amplitude were measured from the slope of the natural logarithm of the survival yield versus

time plots (Equation 1.48, Figure 7-4a and 7-5b). Afterwards, using QY values obtained
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from ion mobility experiments, the effective temperature of the ions at each excitation

amplitude was calculated employing Equation 5.5.
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Figure 7-4- Kinetic plots for: (a) [f-CD+Li]*, and (b) [G+Li]"precursors as a function of the
resonant activation amplitude; (c) Corresponding Arrhenius plots for [B-CD+Li]" and [G,+Li]"
precursors.

As explained thoroughly in Chapter 5, low-energy CID experiments were performed using
helium as the collision gas. Therefore, ideally, collision integrals should be measured using
He-based ion mobility mass spectrometers. However, it was previously observed that for
various types of compounds with quite large size (sizes similar to the lithiated
oligosaccharides investigated in this study) He- and N,-based collision cross sections were
proportional to each other.?** According to the data presented in reference 241, the ratio of
He-based to N,-based CCS values is almost constant (~0.75) for various types of compounds

241

(carbohydrates, peptides and lipids).”"~ Therefore, N,-based CCSs were used for both the

reference complex and lithiated sugars, instead of their He-based CCSs. Then, by plotting In
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(k) as a function of 1/T.g, Arrhenius plots for dissociation of [B-CD+Li]" and [Gs+Li]" were
obtained (Figure 7-4c). Finally, the activation energy and pre-exponential factor were
obtained from the slope and intercept, respectively, of the Arrhenius plots. Activation
parameters of E,=2.27 (+0.10) eV and log A = 18.1 (+1.2) for [B-CD+Li]*, and E, = 1.32 (+0.09)
eV and log A = 10.1 (+1.1) for [G;+Li]*, were found.

Both [B-CD+Li]* and [G/+Li]" are relatively large molecules (m/z and number of DOF for [B-
CD+Li]* are 1141.4 and 438, respectively; and those for [G;+Li]" are 1159.4 and 447,
respectively). Klassen and co-workers™® performed BIRD experiments on some protonated
oligosaccharides, and among them was protonated maltoheptaose. They obtained an E, =
0.84 (+0.03) eV and Jog A = 10.3 (+0.5) for this ion. By comparison with the study performed
by Price and Williams,**? they reasoned that protonated maltoheptaose is in a thermal
equilibrium regime. In low-energy CID, due to the presence of collisions, it is even easier to
be in rapid energy exchange limit conditions compared to the BIRD technique (no collisions).
Therefore, it can be expected that both [B-CD+Li]" and [G,+Li]" fulfill the conditions of the
REX limit, and as a consequence, observed activation parameters are expected to be equal to

112 1t should be noted that we tried to

the characteristic values at the high pressure limit.
perform low-energy CID experiments on protonated G; and protonated B-CD as well. But
because of the very low abundance of these precursor ions, it was not possible to obtain

linear kinetic plots for their dissociation.

As discussed earlier, under the experimental conditions of low-energy CID, only competitive
fragment ions were observed for both [B-CD+Li]* and [G+Li]" (Figure 7-3). Therefore, the
activation parameters for individual fragmentation channels can be obtained as follows: for
the precursor ions, the total dissociation rate constant (ki) is equal to the sum of the rate

constants for the individual fragmentation channels:**®

kiotar = k1 + ky + - (7.1)

where k; and k, are rate constants for the first and second dissociation channels,
respectively. Furthermore, the relative abundance of fragment ions is equal to their

corresponding relative formation rate constants:
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[Fi] _ ki 7.2)
(] Kk '

where [F] and [F] are abundances of fragment number i and fragment number j,
respectively. As an example, for the formation rate constant of the fragment ion resulting
from water loss from [B-CD+Li]", kn20, the procedure is as follows: the total rate constant is

given by:

kiotar = Kuyo + ke, v, + ke, jzg  ke,yzs + ke,yyz, + ke, yz, + Ke,yyz, (7.3)

In addition, for the relative formation rate constants, we have:

[H,0]  kp,o
AR 74
(H,0] o -

[C7/Z] - kc7/26

Replacement of the individual rate constants (kc7/ve, kc7/z6, ---) from Equations 7.4, 7.5, ... in

Equation 7.3, and then solving for ko results in:

ktotal X [HZO]

ka0 = [H20] + [C7/Ye] + [C7/Z6] + [C7/Zs] + [C7/Z4] + [C7/Z3] + [C7/ 2] 70)

The same procedure was applied to all other fragments to calculate the rate constants for
the different dissociation pathways of [B-CD+Li]* and [Gs+Li]" at different effective
temperatures. Afterwards, the corresponding Arrhenius plots were constructed (Figure 7-5),

and activation parameters were obtained for each dissociation channel (Table 7-1).
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Figure 7-5- Arrhenius plots for dissociation channels of: (a) [-CD+Li]" and, (b) [G+Li]".
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Table 7-1- Activation parameters for dissociation channels of [3-CD+Lil" and [G+Li]".

[B-CD+Li]* [G+Li]"

Pathway E,(eV) log A Pathway E, (eV) log A
[B-CD+Li]*  2.27(+0.10)  18.1(1.2) [Go+Li]* 1.32(20.09)  10.1(#1.1)
B-CD+Li-H,0  1.44 (+0.15) 9.2 (1.5) G,+Li-H,0  1.30(+0.09) 9.0 (#1.1)
C:/Ye 1.97 (+0.18)  13.7 (+1.8) 2%%6(“?A;) 1.18 (+0.09) 8.4 (+1.1)
C./Z; 2.25(¢0.10)  17.5(#1.2) Ys(Ce) 1.43(20.10)  10.1(#1.2)
C./Zs 2.25(¢0.10)  17.5(#1.2) Z¢(B¢) 1.47 (0.09)  10.2 (¥1.1)
C/Z, 2.29 (x0.10)  17.6(¥1.2) Y5(Cs) 1.50 (0.09)  10.6 (1.1)
C./Z; 2.53(x0.10)  18.8(*1.2) Z5(Bs) 1.47 (0.09)  10.0 (#1.1)
G/z, 2.56 (x0.10)  18.2(*1.2) Y4(Cs) 1.52 (20.09)  10.5 (#1.1)
Z4(B4) 1.44 (£0.13) 9.7 (+1.4)
Y5(Cs) 1.75(20.11)  11.5(#1.3)
Z5(B;) 1.50 (#0.22) 9.3 (+2.0)

Some interesting points are perceptible in considering the activation parameters obtained
for two lithiated oligosaccharides and their dissociation channels. While both [3-CD+Li]" and
[Gs+Li]" are similar to each other from different points of view such as m/z, collision integral,
range of excitation amplitude for dissociation, and their chemical nature, very different
fragmentation patterns, pre-exponential factors, and activation energies were obtained for
them. For the dissociation of [B-CD+Li]*, which mainly involves glycosidic bond cleavages,
quite large E, and A values for different channels have been observed implying a loose
transition state for these dissociation pathways. A very minor fragment ion resulting from
loss of water is also observed for [B-CD+Li]* whose activation parameters are associated with
large uncertainties due to its low abundance. However, a pre-exponential factor of 10°2
shows a fairly tight transition state for this pathway. For [G;+Li]*, however, E, and A were
smaller than those of [B-CD+Li]". This result could be anticipated from the fragmentation

spectrum (Figure 7-2b) of the [G,+Li]" precursor that exhibits a dominant fragment resulting
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from cross-ring cleavage (**X¢(*?A;)) and also an intense peak corresponding to the loss of
water. For [Gs+Li]*, pre-exponential factors of 10%* for %*X¢(>?A;), 10°° for water loss and
~10'° for all other dissociation channels were observed. The relatively low values obtained
for all of these A factors are characteristic of entropically disfavored dissociation reactions,
and are in agreement with previously proposed dissociation mechanisms involving

161,167,288,289 £ example, in 2016, Rabus and co-workers,*® proposed that B

rearrangements.
and Y type fragments from both protonated and sodiated oligosaccharides are formed via a
similar pathway including protonation of a glycosidic oxygen followed by dissociation of that
glycosidic bond. This is consistent with the observation of very similar pre-exponential
factors for [Gy+Li]" (measured using low-energy CID in this work) and [G;+H]" (obtained using

BIRD technique™®).

HO
o8
't [o] _,‘LI+

cl/ 0_...{/ ..... qQ

HO OH HO OH
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@ .
+ 9= )
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Figure 7-6- First proposed mechanism for glycosidic bond cleavage for lithiated 3-CD.

The observed pre-exponential factor for [B-CD+Li]" is surprisingly large. A log A of 18.1 shows
that the fragmentation pathway of lithiated B-CD is different from that of the metal
adducted linear oligosaccharide. According to the DFT-optimized structure of this ion,

281 .+
Li

appearing in a previously published paper, is coordinated with three primary (C6)
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hydroxyl groups of the upper rim of the B-CD. Two mechanisms can be proposed for the

glycosidic dissociation of [B-CD+Li]", depicted in Figure 7-6 and Figure 7-7.

Figure 7-7- Second proposed mechanism for glycosidic bond cleavage for lithiated [3-CD.

In the first mechanism (Figure 7-6), when the energy-minimized [B-CD+Li]" (structure 1) is
collisionally activated, Li* can disengage from at least one hydroxyl group and move towards
the ring and glycosidic oxygens (structure 2). Afterwards, in the next step, glycosidic bond
cleavage occurs and structure 3 is formed which further undergoes glycosidic dissociation to

produce fragment ions.

According to the second proposed mechanism (Figure 7-7), the presence of Li* facilitates the
proton transfers to the glycosidic oxygens followed by glycosidic bond cleavages. Then, in

the final step, which has the highest activation barrier, the small neutral is lost by breakage
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of the strong Li-O bond. Although comprehensive information pertaining to the
decomposition mechanism of lithiated 3-CD could be gleaned from extensive computational
chemistry studies, isotope labeling experiments, and/or regioselective functionalization of

the various hydroxyl groups, it is beyond the scope of the current study.

Conclusion

In this study, a first comparative investigation of the dissociation of lithiated B-CD and
lithiated G7 in the gas phase using low-energy CID was presented. Dissimilar fragmentation
spectra were observed for these oligosaccharides (cyclic and linear 7-mers) implying that
their fragmentation pathways are not the same. The fragmentation efficiency curves showed
that by increasing the collision energy, none of the fragment ions is produced by sequential
fragmentation of the preliminary fragments in low-energy CID experiments. This ensures
that activation parameters of the individual dissociation pathways can be measured in a
single set of kinetic experiments performed at different excitation amplitudes, provided that
a reliable technique is used to calibrate the effective temperature of the ions inside the ion
trap. Thus, by employing the technique presented in Chapter 5, the Tz values of ions were
obtained at different excitation amplitudes, and then Arrhenius plots were constructed for
the total and individual dissociation pathways. In this manner, activation energies and pre-
exponential factors for all the fragmentation channels of each oligosaccharide were
obtained. Despite the very similar chemical nature of the two oligosaccharides, very
different activation parameters were derived for them. This clearly shows that, unlike linear
oligosaccharides, the dissociation of lithiated -CD goes through an entropically favorable

pathway with a high activation barrier.
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General conclusion
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One of the main objectives of this work was to study the energetics of dissociation of
different H-G systems using various tandem mass spectrometry techniques including BIRD,
low-energy CID, CID and HCD. Among these techniques, BIRD is one of the most established
ones that can directly give activation parameters, provided that the precursor ions are able
to produce enough fragment ions in the accessible temperature range in the BIRD set-up,
and also they fulfill REX limit condition. Among all the H-G complexes in this study, only one
of them was amenable for BIRD technique. Therefore, we decided to employ other
fragmentation techniques for obtaining bond dissociation energies of H-G complexes. In
addition, we took the advantage of BIRD experiments on H-G,s for calibration of effective
temperature of the ions undergoing low-energy CID, and characteristic temperature of ions

which are subjected to the CID fragmentation.

Low-energy CID technique potentially is one of the most appealing tandem mass
spectrometry techniques in providing both activation energy and pre-exponential factor for
dissociation of molecular ions fulfilling the REX condition. This technique was performed on
H-G complexes consisting of a hemicryptophane with a heteroditopic character as host, and
some biologically relevant molecules as guest. The relatively long residence time of the ions
inside the linear ion trap allowed studying reactions with low dissociation rates. This
possibility, as well as the large size of the H-G complexes under study, ensured the
fulfillment of REX conditions, and as a consequence, accurate application of the Arrhenius
equation. This technique allowed access to the higher effective temperature required to
probe dissociation of the complexes which were not sufficiently fragile to be fragmented

within the practical temperature range of our BIRD set-up.

Low-energy CID was also employed for investigation of dissociation of lithiated -CD and
lithiated Gy in the gas phase. Fragmentation efficiency curves obtained using low-energy CID
for these ions showed that probability of consecutive fragmentation is minimalized in the
low-energy CID experimental condition. This was because of two reasons: 1) very low
amount of deposited energy on the precursor ions, which leads fragment ions not to have
enough energy to undergo dissociation, and 2) resonant excitation in low-energy CID which

leads to excitation of only the precursor ion and not the fragments. Therefore, in the
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absence of sequential fragmentation, activation parameters for individual dissociation
pathways of the lithiated oligosaccharides were measured with only one set of kinetic
experiments at different excitation amplitudes. One interesting point about this study was
that in spite of very similar chemical nature of the two oligosaccharides, very different
activation parameters were observed for their dissociation. The obtained results showed
that cyclic structure of the lithiated B-CD leads its dissociation to go through an entropically

more favorable pathway with a higher activation barrier.

Two next employed fragmentation techniques for studying the energetics of H-G complexes
were CID and HCD, both in combination with RRKM modeling. Using either of these
techniques, it was required to have information about the entropy of decomposition. HCD
experiments were performed on exactly the same H-G complexes that were studied by low-
energy CID, and hence, for RRKM modeling of SY curves, the pre-exponential factors
obtained using low-energy CID technique were employed. CID experiments were performed
on six H-G complexes that were characterized with very similar size and types of interactions.
For this reason, the pre-exponential factor obtained using BIRD technique for one of them,
was used for RRKM modeling of the SY curves. It should be noted that performing low-
energy CID experiments on this latter H-G complexes was not possible due to the LMCO

limitation.

Next objective of this thesis was examination of the capabilities of low-energy CID, CID and
HCD techniques for structural analysis of carbohydrates. Comparing the spectra obtained
using three techniques showed that, generally, when working with mono-lithiated sugars,
CID spectra provided more structurally informative fragments, and glycosidic bond cleavage
was the main pathway. However, when working with di-lithiated sugars, HCD spectra could
be more informative providing predominately cross-ring cleavage fragments. This was
because HCD is a non-resonant activation technique and it allows a higher amount of energy
to be deposited in a short time, giving access to more endothermic decomposition pathways
as well as consecutive fragmentations. The difference in preferred dissociation pathways of

mono-lithiated and di-lithiated sugars indicated that the presence of the second lithium

165



BAYAT Parisa — These de doctorat - 2018

strongly influences the relative rate constants for cross-ring cleavages (rearrangement) vs.

direct glycosidic bond cleavages, and disfavors the latter.

Finally, using CID and HCD, dissolution mechanisms of oligosaccharides in DMAc/LICl was
explored. Different studies in the solution phase offer a coherent picture of the dissolution
mechanism of cellulose, with the only discrepancy between the proposed mechanisms being
the point about the presence or absence of a direct interaction between Li* and the sugar.
CID and HCD experiments on di-lithiated and tri-lithiated sugars revealed that intensities of
product ions containing two Li* or three Li*, respectively, were higher than those bearing
only one Li*. In addition, comparing the fragmentation spectra of LiCl adducted lithiated
sugar and NaCl adducted sodiated sugar shows that while, in the latter case, loss of NaCl is
dominant, in the former case, loss of HCl occurs preferentially. The compiled evidence
implies that there is a strong and direct interaction between lithium and the saccharide

during the dissolution process in the DMACc/LICl solvent system.
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