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Lepetit nd Delphine Guillaumet from the vortire snterE tionsD hynmiques et vsers @vshyvAF ithout your support this siE enti( work would not hve een possileD thnk you very muh3 ielen hnk uh n meine pmilieD für die nterstützung während meines tudiums und meiner hoktorreitF is wr siherlih niht imE mer leiht mit meiner ständigen rinEund rerreisereiD esonders möhte ih mih hier ei meiner wutter ednkenD die sih während meiner eE wesentheit um meine ohnung gekümmert htF iin herzlihes hnk n euhD ohne euh wäre ih niht der wenshD der ih heute in3 s lso would like to thnk ll my kyking friendsD too numerous to list hereD who showed me the nonEsienti( wy of enjoying dynmE is @whitewterAD pyrolysis @evenings round on(reA nd how fst onil intersetion )ips two sttes @pushing me during plying kyk poloAF n meri spéil ii à Damien Le GuidecD pour m9voir monE tré tnt des (lms frnçis et me les voir expliqueés dns le dre de l ulture frnçiseF ii enother very importnt ontriutor is ll the funding s reeivedD s wnt to thnk you for (nning the trvel nd extr living expenses due to the joint thesisF pei(lly s wnt to thnk the roope progrmme of the deutsher kdemisher eustushdienst @heehAD the fourse ii'el nd the wyvsw grntD from whih s ene(ted during my di'erent stys in lyF s lso wnt to knowledge the qu PIIP 9woleulr irdilsX strutureD properties nd retivity9D who (nned my work in ürzurgF vstly s would lso like to thnk the heutshEfrnzösishe rohshuleGl9université frnoEllemnde @hprGpeA for the (nnil support during the thesis nd for the defense of the thesisF iii Summary sn this thesis the exitedEstte dynmis of rdils nd irdils were hrterized with femtoseond pumpEproe spetrosopyF hese openEshell moleules ply importnt roles s omustion inE termeditesD in the formtion of soot nd polyyli romti hydroE ronsD in tmospheri hemistry nd in the formtion of omplex moleules in the interstellr medium nd glti loudsF sn these proE esses moleules frequently our in some exited stteD exited either y therml energy or rditionF unowledge of the retivity nd dyE nmis of these exited sttes ompletes our understnding of these omplex proessesF hese highly retive moleules were produed vi pyrolysis from suitle preursors nd exmined in moleulr em under ollisionE free onditionsF e (rst lser now exites the moleuleD nd seond lser ionizes itF imeEofE)ight mss spetrometry llowed (rst identiE (tion of the moleuleD photoeletron spetrosopy omplete hrE teriztion of the moleule E under the ondition tht the mss spetrum ws dominted y only one mssF he photoeletron spetrum ws oE tined vi veloityEmp imgingD providing n insight in the eletroni sttes involvedF son veloity mp imging llowed seprtion of signl from diret ioniztion of the rdil in the moleulr em nd dissoE itive photoioniztion of the preursorF huring this thesis modi(ed pfsex lgorithm ws developed nd implemented in pythonD providing n imge inversion tool without interpoltion of dt pointsF ispeilly for noisy photoeletron imges this new lgorithm delivers etter reE sultsF v Some highlighted results:

The 2-methylallyl radical ws exited in the ππBEstte with di'erE ent internl energies using three di'erent pump wvelengths @PRHFT D PQVFH nd PQTFH nmAF sonized with VHH nm multiEphoton proeD the photoeletron spetr shows sEyderg (ngerprint spetrumD highly positive photoeletron nisotropy of IFS nd iEexponentil dey @ τ 1 a IRI±RQ fsD τ 2 a RFH±HFP ps for PRHFT nm pumpAD where the seond timeEonstnt shortens for lower wvelengthsF pieldEindued surfe hopping dynmis lultions on(rm tht the initilly exE ited ππBEstte relxes very fst to n sEyderg stte @(rst experiE mentlly oserved timeEonstntAD nd then more slowly to the (rst exited stteGground stte @seond timeEonstntAF ith higher exiE ttion energies the onil intersetion etween the sEydergEstte nd the (rst exited stte is rehed fsterD resulting in shorter lifeE timesF

The benzyl radical ws exited with PTS nm nd proed with two wvelengthsD UWV nm nd QWV nmF roed with UWV nm it shows iE exponentil dey @τ 1 a VR ± S fsD τ 2 a IFSS ± HFIP psAD wheres with QWV nm proe only the (rst timeEonstnt is oserved @τ 1 a VW±S fsAF he photoeletron spetr with UWV nm proe is omprle to the spetrum with QWV nm proe during the (rst TH fsD t longer times n dditionl nd ppersF his nd is due to ICQ9EproessD wheres with QWV nm only signl from ICI9Eproess n e oE servedF xonEditi dynmi on the )y lultions show tht the initilly exitedD nerly degenerte ππGpEydergEsttes relx very fst @(rst timeEonstntA to n sEyderg stteF his sEyderg stte n no longer e ionized with QWV nmD ut with UWV nm ionE iztion vi intermedite resonnes is still possileF he sEyderg stte then deys to the (rst exited stte @seond timeEonstntAD whih is longElivedF Para-xylyleneD exited with PTT nm into the 2 Estte nd proed with VHH nmD shows iEexponentil dey @τ 1 a QV±U fsD τ 2 a RHU± W fsAF he initilly exited 2 Estte deys quikly to 1 EstteD whih shows dissoitive photoioniztionF he popultion of the 1 Estte vi is diretly visile in the msses of the dissoitive photoioniztion produtsD enzene nd the para Exylylene ErF Ortho-benzyneD produed vi pyrolysis from enzoyloutendioneD ws exited with PTT nm in the 2 stte nd proed with VHH nmF sn its timeEresolved mss spetr the dynmi of the orthoEenzyne signl ws superposed with the dynmis from dissoitive photoionE iztion of the preursor nd of the orthoEenzyneEdimerF ith timeE resolved ion imging gted on the orthoEenzyne these proesses ould e sepertedD showing tht the 2 Estte of orthoEenzyne reE lxes within SH fs to the 1 EstteF vii Zusammenfassung sn der vorliegenden hisserttion wurde die hynmik ngeregter ustände von diklen und firdiklen mittels femtosekundenEzeitufgelöster enregeEefrgespektroskopie untersuhtF dikle und firdikle sind niht nur wihtige wishenprodukte in errennungsprozessenD sondern uh ei der fildung von uÿ und polyzyklishen romtishen uohlenwssersto'en eteiligtF hes eitE eren spielen sie eine wihtige olle in der etmosphärenhemie und ei der fildung komplexer woleküle im interstellren wediumF on entsheidender fedeutung ist in den gennnten rozessen die enreE gung der diklen und firdikle in energetish höhere uständeD dies geshieht entweder durh thermishe inergie oder mittels trhlungF pür ds erständnis der lufenden orgänge ist es zwingend erforderE lih die hynmik der ngeregten ustände zu verstehenF hie dikle und firdikle wurden dfür mittels yrolyse eines geeigneten orläufers erzeugtD und nshlieÿend unter kollisionsfreien fedingungen im wolekulrstrhl spektroskopish untersuhtF rierE ei regt ein erster vser ds wolekül nD ein zweiter vser ionisiert esF wittels plugzeitmssenspektrometrie wurden die woleküle idenE ti(ziertD und mittels hotoelektronenspektroskopie weiter hrkterE isiert E unter der fedingungD dss im wssenspektrum eine wsse doE miniertF hs hotoelektronenspektrum wurde mittels eloityEwp smging ufgenommen und git einen iinlik in den elektronishen ustnd im eugenlik der sonistionsF hie eloityEwp smgingE ehnik von sonen erlut uÿerdem die ntersheidung von sonen us direkter sonistion und dissozitiver hotoionistionF sn diesem hmen wurde uh ein modi(zierter pfsexEelgorithmus entwikE elt und in Python implementiertF hieser kommt im qegenstz zum herkömmlihen pfsexEelgorithmus komplett ohne snterpoltion der htenpunkte usF fesonders ei verrushten hotoelektronenspekE tren liefert dieser elgorithmus essere irgenisseF ix Einige Resultate sollten esonders hervorgehoen werdenX Das 2-Methylallylradikal wurde in einen ππBEustnd mit drei vershiedenen enregungswellenängen @PRHFTD PQVFH und PQTFH nmA ngeregtD um eine rition der inneren inergie innerhl dieses uE stndes zu ermöglihenF is wurde mit is zu drei VHHEnmEhotonen ionisiertF hs hotoelektronenspektrum zeigt ein sEydergEphotoE elektronenspektrumD eine positive hotoelektronennisotropie von IFS sowie einen iexponentiellen erfll @τ 1 a IRI±RQ fsD τ 2 a RFH±HFP ps für PRHFT nm ls enregelserAF hie zweite eitkonstnte verkürzt sih mit kürzeren ellenlängenF Field-induced surface hopping hyE nmikrehungen estätigenD dss der ursprünglih ngeregte ππBE ustnd shnell in einen sEydergzustnd relxiert @erste eitkonE stnteAD um dnn nshlieÿend lngsmer in den ersten ngeregten ustnd zu relxieren @zweite eitkonstnteAF wit einer höheren inE neren inergie wird die konishe hurhshneidung zwishen dem sE ydergzustnd und dem ersten ngeregten ustnd shneller erE reihtD somit verkürzt sih die zweite eitkonstnte ei kürzeren ellenlängenF Das Benzylradikal zeigt in einem PTS nm enregeEGUWV nm efrgeE experiment einen iexponentiellen erfll @τ 1 a VR ± S fsD τ 2 a IFSS ± HFIP psAD wohingegen mit QWV nm lediglih ein monoexponenE tieller erfll sihtr ist @τ 1 a VW ± S fsAF hs UWV nm efrgeE hotoelektronenspektrum ist in den ersten TH fs ähnlih dem QWV nm efrgeEhotoelektronenspektrumD ei späteren eiten ersheint eine weitere fnde ei höheren kinetishen inergien der ilektronenF hiese fnde stmmt us einem ICQ9ErozessD während ei QWV nm nur ignl us einem ICI9Erozess eohtr istF vut nihtdiE tishe hynmikrehungen relxiert der ursprünglih ngeregte ππE ustnd zwF der fst energiegleihe pEydergzustnd sehr shnell in einen sEydergzustnd @erste eitkonstnteAD welher mit UWV nm üer intermediäre esonnzen noh ionisiert werden knnD er niht mehr mit QWV nmF enshlieÿend relxiert der sEydergzustnd in den ersten ngeregtenD lngleigen ustnd @zweite eitkonstnteAF x Para-Xylylen wurde mit PTT nm in den 2 Eustnd ngeregt und mit VHH nm in einem wultiphotonenprozess ionisiertF is zeigt einen iexponentilen erfll @τ 1 a QV ± U fsD τ 2 a RHU ± W fsAF her urE sprünglih ngeregte 2 Eustnd relxiert shnell in den 1 EustndD welher im son dissoziertF omit lässt sih die fesetzung des 1 E ustnds direkt n den ignlen der hissozitionsprodukte fenzol und dem ssersto'strktionsprodukt von para Eylylen verfolE genF Ortho-Benzin wurde vi yrolyse des orläufers fenzoyloutenE IDPDEdion hergestelltD mit PTT nm in den 2 Eustnd ngeregt und mit VHH nm ionisiertF sn den zeitufgelösten wssenspektren wird die hynmik des orthoEfenzinsignls durh die dissozitive hotoionisE tiondynmik des orläufers und des orthoEfenzindimers üerlgertF wittels zeitufgelöste sonenspektren vom orthoEfenzin konnten diese rozesse voneinnder getrennt werdenD und es konnte gezeigt werdenD dss der 2 Eustnd von orthoEfenzin innerhl von SH fs in den 1 E ustnd relxiertF xi Résumé hns ette thèseD l dynmique des étts exités des rdiux et irdE iux été exminée en utilisnt l spetrosopie pompeEsonde résolue en temps à l9éhelle femtoEseondeF ves moléules à ouhe ouverte jouent un rôle primordil omme intermédiires dns les proessus de omustionD dns l formtion de l suie et des hydrorures romE tiques polyyliquesD dns l himie tmosphérique ou dns l formE tion des moléules orgniques omplexes du milieu interstellire et des nuges gltiquesF hns tous es proessus les moléules sont souE vent exitéesD soit pr éhu'ement thermiqueD soit pr irrditionF in onséquene l rétivité et l dynmique de es étts exités sont prE tiulièrement intéressntes (n d9otenir une ompréhension glole de es proessusF hns e trvil les rdiux et irdiux ont été produits pr pyE rolyse à prtir de moléules préurseur dptées et ont été exminés dns un jet moléulire en sene de ollisionsF ves rdiux sont enE suite portés dns un étt exité ien dé(niD et ionisés ve un deuxième lserF v spetrométrie de msse à temps de vol permet une première identi(tion de l moléuleF i des spetres de photoéletrons l moléule est hrteriséeD pourvu que le spetre de msse ne montre mjoritirement qu9une seule msseF ves spetres de photoéletrons ont été otenus pr l9imgerie de vitesseD permettnt d9otenir des inE formtions sur l9étt életronique du rdil u moment de l9ionistionF v9imginerie de vitesse des ions permet de distinguer les ions issus d9une ionistion direte et eux issus d9une ionistion dissoitiveF endnt ette thèse un lgorithme modi(é de pfsex été développé et imE plémenté en lngge python X et lgorithme inverse des imges sns interpoltion des points expérimentuxD il montre une meilleure perforE mne pour le tritement des imges ruitésF our des imges ruitées et lgorithme montre une meilleure performneF xiii Quelques résultats sélectionnés: Le radical de 2-méthylallyle été exité dns l9étt ππB ve di'érentes énergies internes en utilisnt trois di'érentes longueurs d9onde de pompe @PRHFTD PQVFH et PQTFH nmAF eprès ionistion pr un lser VHH nm selon un proessus multiEphotoniqueD le spetre de photoéletrons montre le hrtéristiques d9un étt de ydergD une nisotropie des photoéletrons prohe de P et un délin iexponentiel @τ 1 a IRI ± RQ fsD τ 2 a RFH ± HFP ps ve PRHFT nm omme pompeAF v deuxième onstnte de temps se réduit si l longueur d9onde de l pompe diminueF hes luls de dynmique de sut de surfe induite pr hmp on(rment que l9étt ππB initilement exité relxe très vite dns un étt de yderg s @première onstnte de temps expérimentleAD qui se relxe ensuite plus lentement vers le premier étt exité @deuxième onstnte de tempsAF eve une exittion plus énergétiqueD ette intersetion onique est tteinte plus viteD de sorte que l seonde onstnte de temps diminueF Le radical de benzyle montre un délin iexponentiel lorsqu9il est exité ve PTS nm et sondé ve UWV nm @τ 1 a VR ± S fsD τ 2 a IFSS ± HFIP psAY si on sonde ve QWV nm un seul délin est mesuré @τ 1 a VW ± S fsAF ve spetre de photoéletrons otenu ve UWV nm omme sonde est omprle à elui ve QWV nm sonde pendnt les premières TH fsF À des temps plus longs une utre nde pprîtD issue d9un proessus ICQ9D tndis qu9ve QWV nm seul le proessus ICI9 est visileF hes simultions nonEditique de l dynmique montrent que l9étt ππ initilement exité relxe vers un étt de yderg s @première onstnte de tempsAF v9étt de yderg s ne peut plus être ionisé ve un photon de QWV nmY mis UWV nm l9ionise ve Q photons en pssnt pr des étts intermédiiresF get étt de yderg s se relxe vers le premier étt exité @deuxième onstnte de tempsAF Le para-xylylène été exité ve PTT nm dns l9étt 2 F ondé ve VHH nmD il montre un délin iexponentiel @τ 1 a QV ± U fsD τ 2 a RHU ± W fsAF v9étt 2 initilement exité se relxe très vite dns xiv l9étt 1 D qui se dissoie une fois ioniséF v popultion de l9étt 1 peut don être diretement suivie pr l9évolution de ses produits de dissoitionD le enzène et le produit d9strtion d9un hydrogèneF Ortho-benzyneD produit vi pyrolyse de enzoyloutendioneD été exité dns l9étt 2 ve PTT nm et ionisé ve VHH nmF hns les spetres de msse résolus en tempsD l dynmique de l9orthoEenzyne été ltérée pr l dynmique de photoionistion dissoitive du preurseur et du dimère de l9orthoEenzyneF ges deux proessus ont pu nénmoins être di'érieniés pr l9imgerie d9ion d9orthoEenzyneD montrnt que l9étt 2 d9orthoEenzyne se relxe vers l9étt 1 en SH fsF 
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12 Synthesis 13 Fitting decay curves rydroron rdils nd irdils re fsinting speiesX they possess t lest one unpired eletron nd reD for the most prtD very retiveF huring the lst three yers of my grdute work s exmined severl hydroron rdils nd irdE ils using timeEresolved mss nd photoeletron spetrometryF sn the following presenttion of three res of reserh will demonstrte possile pplitions of the otined fundmentl reserh dtF PAH and soot formation gomustion proesses hve shped humn history for millenniF hile in preindustril times omusE tion ws minly used s het soureD this hnged during the industril revolutionF xowdys the enE ergy provided y the omustion proess is stored or onverted into mehnil energy eFgF for trnsE porttionD or into eletriity for e0ient energy trnsE ferD mking it the sis of our modern soietyF wost people understnd omustion s omE plete retion etween fuel nd tmospheri oxyE genD to form only ron dioxide gy 2 nd wter r 2 yF his simpli(ed piture doesn9t hold up to relityD howeverF he ongoing disussions out glol wrmingD pollutionD prtiulte mtter nd lst ut proly not lest the olkswgen sndl hs estlished in the puli mind tht omusE tion results in multitude of other sideEprodutsF hese sideEproduts E onsisting of sootD prtiuE lte mtterD polyromti hydrorons @erA nd other orgni moleules E re often hrmful or even S outright toxi to humns [1,2] F er nd prtiuE lte ir pollution re mutgens [35] D nd hve een ssoited with lung ner nd rdiopulmonry disese [6] F he moleulr mehnism for the formtion from the fuel to soot prtiles with er s the intermediE ry is still not fully understood in ll its omplexityF st depends for exmple on the fuel ompositionX the sooting tendenies inrese in the following orderX pr(ns`monoole(ns `diole(ns`enzenes`nphE thlenes [7] F he mixture rtio of gGyD mening fuel to oxygenD is lso ritilX soot formtion norE mlly egins when this rtio is smller thn oneY ut ginD it depends strongly on the type of fuel used [8] F e simpli(ed piture of soot prtile formtion is shown in (gF IFIX he fuel rets with oxygenD forming gyD gy 2 nd r 2 yD ut lso numerous rdE ilsF he ext nture of the (rst rdil formed depends of the type of fuelF hese rdils then ret with other moleules in ddition nd eliminE tion retions to form more nd more omplex ring systemsF hese ddition nd elimintion retions re illustrted in (gF IFP for the formtion of the (rst nd seond romti ring from etylene [9] F eetylene rets with n hydrogen tom E whih re uiquitous in omustion proessesE to form vinyl rdilD whih n then ret with nother etylene moleule to form the utdienyl rdilF his hydrogenEstrtionEg 2 r 2 Eddition @regeA proess ontinues until lrgerD hevier er @SHHE IHHH muA re formedD (gF IFP stops with the nphE thyl rdilF hese strt to onglomerte to form prtilesD whih in turn grow vi retive prtileE prtile ollisionsF groniztion of the prtile mterilD hydrogen strtion nd hemil modE i(tion ontinues throughout this proess [10] F T grei IF wysesyx Figure 1.2: Formation of the rst and second aromatic ring from acetylene [9] he rege mehnism loneD howeverD is too slow to explin the formtion of soot [11] D other mehnisms need to e involved s well to explin these retion networksF hese retion networks re very omplexF hey require lots of physiohemil dt for relisE ti simultion [12,13] D sine in ddition to the gret numer of speies di'erent )ow regimes of the omE ustion proesses [14,15] @liner )meD explosion etFA hve to e tken into onsidertionF imeEresolved pumpEproe mss nd photoeletron spetrosopy llow to otin dt on the detivtion proesses of exited sttes in hydroron rdils nd irdE ilsF hese dt might ontriute to perfet existE ing omustion models s to one dy e le to understnd nd suessfully model omustion inE side n engine nd to minimize emissions of hrmful nd toxi sideEproduts of omustionF woreoverD mny spetrosopi photodissoitions experiments ssume tht the initlly exited moleules dissoites on the ground stte potentil surfeF psEtimeEresolved spetrosopy is one pproh to verify whether this hypothesis is vlidF U Atmospheric chemistry he onentrtion of erD toxi omustion sideE produts nd pollutnts in the tmosphere is diE retly orrelted to the ingoing )owX the mount relesed into the tmosphere nd the outgoing one tht leves the tmosphereF he mount of orgni ompounds relesed into the tmosphere n e diE vided into two tegoriesX humnEindued vi eFgF omustion of fuel nd nturl proessesD eFgF terE penes from plntsD soElled voltile orgni omE pounds @ygsA [16] or volni eruptionsF peies n leve the tmosphere vi two pthsX either vi wet deposition @eFgF dissolved in rin or snowA or vi dry deposition @diret trnsfer to erth9s surfeA [17] F heres prtile ers re most ommonly photolyzed ndGor deposited vi dry or wet deposition [18] D photolysis of gseous er with light tht rehes the lower tmosphere @λbPWH nm in the troposphereA hs not yet een oserved [19] F woreoverD ers re unpolr moleulesD wet nd or dry deposition is lso not diretly possileF hey n persist for long time in the tmosphere unE less they undergo hemil modi(tionsF ypilly they ret with two highly undnt rdils in the tmosphereX yr or xy 3 [17] D to ultimtely form ldehydes nd nitritesD more polr nd wter solule [19] F hese produts re wshed out into the seD where they dmge nd umulte in queous orgnisms [20,21] F he lifetime of gseous ers deE pends on the onentrtion of yr nd xy 3 rdils in irD nphthleneD for exmple hs lifetime of IR yers in len irD wheres in polluted ir this is redued to three dys [19] F vong lifetimes llow moleules to reh the upE per tmosphere @strtosphereAD whose hemistry suE stntilly di'ers from those in the lower tmosphereF V grei IF wysesyx yne wellEknown exmple of strtospheri retion due to humn pollutnt is the depletion of the ozone lyer due to hloro)uororons @gpgsAD disovery for whih the xoel prize in hemistry ws wrded in IWWS [22] F rgpgs in the tmosphere re ompletely of huE mn originD they were minly used s refrigernts nd erosol sprys [23] F heir use hs een severely restrited ndGor foridden depending on the onE rete moleule nd use [24] F gpgs were ommerE illy ttrtive lso euse of their low retivity E whih in the tmosphere gives them mple time to di'use into the strtosphereF hey re dissoE ited y rditionD resulting in hlogen rdiE lsF ghlorine nd romine rdils t s tlystsD trnsforming ozone into moleulr oxygen nd roE ing thus the erth9s tmosphere of its protetive ozone lyerF yne hlorine tom n remove out IHH HHH ozone moleules from the tmosphereE eE fore it is (nlly wshed out [22,25] F hese two exmples demonstrte e'etively tht tmospheri siene is omplex (eldD whose reE tions re dominted y rdilErdil retions nd photodissoitionsF psEpumpEproe spetrosopy is one method to exmine espeilly photodissoiE tions nd the proesses in moleule one it is exE ited y rditionF Galactic clouds/interstellar medium he physil onditions in omustion nd in the tmosphere re very di'erent ompred to those in glti louds or in the interstellr mediumF gomE ustion in motorized engine hppens t lest t norml pressure or under inresed pressure t temE pertures higher thn PUQ uD this orresponds to density of Q•IH 19 moleulesGm 3 @for stndrd presE W sure of I r nd PUQ uAF iven in the strtosphere the density is only out IHHH th lowerF his is in strk ontrst to dense glti louds with densiE ties of IH 4 EIH 8 hydrogen tomsGm 3 [26] D whih orE responds to pressure of I•IH -10 EI•IH -14 rF he djetive 9dense9 hs to e seen in the ontext of the interstellr medium with densities s low s IHH hyE drogen tomsGm 3 [26] F woleulr louds re minly omposed of hyE drogen gsD with out IH7 helium nd only HFI7 of other toms suh s gD xD nd yF he distriuE tion vries gretly depending on the spei( moleE ulr loud nd even on the lotion in the moleE ulr loud [27] F elmost PHH orgni moleules were identi(ed due to their hrteristi sorption or emission ndsY inluding nitrilesD ldehydesD idsD ethersD ketonesD minesD midesD longEhin hydroE rons [26,28,29] nd even ers [30] F mll rdiE ls suh s the formyl rdil or the methyl rdiE lD nd even omprtively ig rdilD the hexE trienyl rdil [28] were identi(ed s well @see (gF IFQAF iluidtion of the formtion mehnisms of stellar medium [28] these moleules is neessry to use the moleules themselves s trers for the physil onditions of the moleulr loudF pormldehyde for exmple is used to determine the temperture nd sptil denE sity within moleulr louds [31] F e lot of the hemistry is surfe hemistry on grinsD mening tht moleules or toms dsor on the surfe of grinD wnder nd meet to form igger moleulesF woleulr hydrogen is formed in this wy [32] F sn gs phse the density is low omE pred to the erth9s tmosphereX IH 4 EIH 8 hydrogen tomsGm 3 mens tht less thn one ollision with nother moleule hppens per yerD nd even on osmi timeEsles retions need to hve very low IH grei IF wysesyx tivtion rrier nd high ollision ross setions to form omplex moleulesF sonEneutrlD dissoiE tion nd rdilEneutrl retions re the mehE nisms of the rih hemistry in moleulr louds [26,32] F en exmple is the formtion of methne y the ionE rdil retion of gr 3 nd r 3 + [33] F he low denE sity in the gs phse lso llows rdils to persist tht would ret immeditely in erth9s denser tE mosphereF he only informtion from glti louds vilE le is the light whih rehes usF i rdio freE quenies elestil fetures n e hrterizedD nd the sorption spetrumD spnning from the infrred to the ultrvioletD gives informtion on moleules present in these elestil feturesF sn these sorpE tion spetr up to SHH nds were distinguishedD they re lled di'use interstellr nds [34] F he rrier of mny of these nds re still unidentiE (edD ut it is ler tht the rriers need lowElying eletroni sttes to show sortion in tht regionF ossile ndidtes E omposed of only ron nd hydrogen toms leding to unhrteristi sorpE tion spetr E re rdilsD irdilsD renes nd ionsF o orretly simulte nd understnd the vilE le strohemil dtD more informtion on wide vriety of rdil nd tion speies is requiredF his inludes informtion out their exited sttes nd out their detivtion pthwysD sine moleules re esily exited vi osmi rdition [35] F psEpumpE proe mss nd photoeletron spetrosopy is onE venient tool to otin useful informtion of these proessesF II Chapter 2 Interactions of molecules with light vight interts with single isolted moleule in numerous wysF ome of these intertions re deE pited shemtilly in (gF PFI nd will e preE sented rie)y in the followingF e moleule hs di'erent eletroni sttesF he lowest eletroni stte is referred to s the eletroni 2 : Excitation of the molecule into the singlet excited state S 2 ; 3 : Ionization of the molecule; 4 : Conical intersection between the singlet states S 2 and S 1 ; 5 : Fluorescence; 6 : Intersystem crossing from the singlet S 1 to the triplet T 1 state; 7 : Phosphorescence IQ ground stte @q in (gF PFID here singlet ground stte 0 AD higher exited sttes re numered with inresing energyF yn eh eletroni stte virE tionl levels re superimposedD depited shemtE illy with the longD stright lines for the ground stte in 1 F irtions re exited with light in the infrred rnge @sD typilly from SHH to QTHH m -1 AD nd the trnsitions re pproximtely deE sried y the model of the hrmoni osilltorF he rnge of exittion of virtion is hrterE isti for eh funtionl groupD it is therefore used to identify the moleule [36] F yn eh virtionl stte in turnD rottionl levels re superimposedF hese re E for the viE rtionl ground stte E exited vi light in the mirowve region @HFQEQH qrzAF ottionlly reE solved spetr llow hrteriztion of ond length nd nglesY the geometry of moleule is hrE terized [37,38] F his desription of eletroni sttes with superimposed vironi nd rottionl sttes is only vlid in the frmework of the fornEyppenheimer pproximtionD whih ssumes tht the motion of nulei nd eletrons n e seprted [39] F e moleule n e exited into n eletroni exE ited stte vi light in the Evisile rnge @PHH E VHH nmAF his trnsition is represented in (gF PFI y the green rrow @ 2 AF uh trnsition n e oneEphoton llowed or not depending on the symE metry of oth the exited nd ground stteF i nother photon 3 the moleule is ionized resonntly E this type of spetrosopy is lled Resonant Enhanced MultiPhoton Ionization @iwsAF e moleule n eD of ourseD lso ionized y just one photon of suitle energyD normlly in the rnge @THEPHH nmAF sf the energy of the ioniztion photon@sA exeed the ion ground stte energyD s IR grei PF sxiegsyx yp wyvigvi sr vsqr depited in (gF PFID the eletron reupertes this exess energy s kineti energy nd leves n ion in the ground or exited virtionlGeletroni stteD should the moleule in the ground stte geometry distort to reh the ioni most stle geometryF his is detiled in hpter RF gontrry to exitE tion of moleuleD ioniztion is n lwysEllowed proessF he depited exited singlet stte 2 is dissoE itive nd rosses the exited singlet stte 1 D this rossing is lled conical intersection @gsA 4 @see (gF PFP for more rtisti representtionAF e moleule in the 2 t position two n detivte vi the onil intersetion towrds the 1 EstteF feuse of the lrger energy di'erene etween 0 nd the 1 Estte thn etween 1 nd higher exited sttesD ultrfst relxtion through onil intersetion to the ground stte do not ourD depending on the moleuleF his opens the door to other relxtion hnnels suh s )uoresene 5 D mening deexiE ttion into the ground stte while emitting lightF he moleule in the 1 stte n lso pss into the triplet stte 1 vi intersystem crossing @sgA 6 F hether suh trnsition is llowed depends on the eletroni hrter of oth sttesD s desried y the il yed ules [40,41] F imission of light from triplet stte is lled phosphoresene 7 [39,42] 
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General setup

he generl setup of n experiment exmining reE tive moleules is depited in (gF PFQF he preursor moleule is seeded diretly into rre gs @ 1 A E efore the rdil is produed from the preursor vi pyrolysis 4 F he rdilGrre gs mixture is then ditilly expnded vi pulsed vlve 3 into the vuum of the soure hmer 2 D formE ing supersoni moleulr em [43] 5 F st then psses skimmer 7 D whih lets only the oldestD inE ner prt of the moleulr em @moleules depited in lueA enter the min hmerGdetetion hmE er @ 8 AF rere the spetrosopi experiments tke pleF he moleules re ionized using lsers @ 9 A nd the resulting hrged prtiles re detetedF 
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hi'erent methods re omined in this generl setup to exmine retive speiesD these re detiled in hpter QF pirst the rdils hve to e produedF he pyrolysis method E used for this e'et E is deE tiled in setion QFIF he rdils need to e exE mined under ollisionEfree onditionsD sine otherE wise they would ret whih eh otherF por this the seeded moleulr em tehnique is employedD detiled in setion QFPF he di'erent spetrosopi methods used to exmine the rdils re explined in setion QFQF he next hpter R desries the priniples eE hind the detetion method veloity mp imging @wsAD its pplition in photoion @setion RFIA nd photoeletron imging @setion RFPAF sn setion RFQ reonstrution methods nd new smpling method for the pfsex lgorithm re explinedD followed y lirtion methods for photoeletron nd hlorine photoion imging @setion RFRAF ghpter S then trets the tehnil detils of the setups in ürzurg nd ly used during this workF PH Chapter 3 Experimental Principles 3.1 Production of radicals etive speies n e produed from suitle preE ursors y di'erent methodsD for exmple vi pyE rolysis [44] D photolysis [45] D mirowve [46] D eletriE l dishrge [47] nd hemil methods [48,49] F sn this thesis pyrolysis ws used to produe retive speiesD nd will e detiled in the followingF hi'erent designs [44,50,51] for pyrolysis nozzle re possileD the one used in this work is vrition of the pyrolysis nozzle proposed y uohn et lF [44] D depited in (gF QFP nd (gF SFIQ F he funtionlity of suh pyrolysis setup is deE eptively simpleX e suitle preursor moleule is seeded into rre gsD psses the pulsed vlve 1 nd then the heted pyrolysis tue 9 F he heted ig tue serves s miniture )ow retor [52] D the pE plied high tempertures during the rief residene time led to the rupture of only the wekest hemE il ond@sAF ypilly those re either hlogen ondsY or the preursor moleules ejet stle smll moleules suh s gy @exX enzoyloutendionD preursor of orthoEenzyneD see hpter IHAD x 2 @eFgF dizoproprgyleneA or formldehyde nd xy @niE tritesD eFgF phenylethylnitriteD preursor of the enE zyl rdilD see hpter UFIAF yther typil preurE sors inlude dimers of the desired rdilD eFgF iE tropyl for the prodution of the tropyl rdilF en overview of di'erent retion energies for rdil preursor moleules is given in tle QFIF 
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Molecular beam

dils nd irdils re often very retive @see hpter IAD ollisionEfree methods re therefore neE essry to exmine these speiesF he moleulr em tehnique [39] used in this thesis is one method to ensure ollisionEfree onditions [43] D other methE ods re for exmple mtrixEisoltion tehniques [56] nd isoltion in helium droplets [57] F he priniple of moleulr em is illustrted in (gF QFQF sn ontiner 1 with hole t one endD moleules re t room tempertureD their veloity distriution follows foltzmnn distriution s inE dited y the green urveF 1 The bond-dissociation energies of the reactions except for the last two were calculated/taken using values from Ellison et al. [55] , with R ranging from methyl to allyl. 1 : Container with molecules at room temperatures; 2 : Adiabatic expansion; 3 : Skimmer; 4 : Skimmed molecular beam essuming tht outside of the ontiner is under vE uumD two ses re possile [39] X he pressure inside the ontiner is low enough to void ny ollisions etween prtiles when they re leving the ontiner through the holeD nd the )ow leving the hole does not reh superE soni speedF uh ems re lled susoni or e'usive emsF sndividul prtiles hve long men free pth nd their veloity is determined y the oundry onditionsF e slit in distne of the origin of the moleulr em ollimtes the moleulr emD whih redues the hoppler rodening @suEdopplerEspetrosopyA [39] F sf the pressure inside the ontiner is high enough to indue lrge mount of ollision etween prE tiles within the holeD the )ow leving the hole will reh supersoni veloitiesF he toms olE lide until the spred of their reltive veloities re PR grei QF iiswixev sxgsvi so smll tht no more ollisions ourF he enE trl prt of this em will only hve veloity omponent in diretion of the moleulr emD letting only this prt pss the skimmer 3 leds to veloity distriution s displyed with the purple urveF he speil form of the skimmer @see (gF QFRA redues turulenes in the hmE er due to re)etion of the moleules from the hmer wllF petrosopi methods re pplied to this prt of the emF his does not only led to shrper E sorption lines due to redued hoppler e'etD ut lso to nrrower therml distriutionF his mens tht less rottionl nd virtionl levels of the moleule re oupiedD nd is therefore the sis for most gseous pumpEproe spetrosopi tehE niquesF gooling in supersoni em omposed of the pure moleule will led to the formtion of lusE ters @ or multimeres in the se of retive moleulesAF e onvenient solution re seeded moleulr emsD where the moleule of interest is seeded into rre gs @for exmple helium or rgonAD whih llows to ontrol esily the k pressure of the supersoni expnsion nd lso inreses strongly the ollision numer nd the ooling e0ienyF he low onE entrtion of the moleule of interest in the moleE ulr em diminishes the proility of ollisions etween two moleules of interestF sf light gs is used s rrier gs @ for exmple helium or rgonAD the veloity of the em in 3 is often supersoniD these ems re lled supersoni moleulr emsF gooling in suh ems is more e0ient thn in suE soni ems [58] F he priniple desried here is for ontinuE ous moleulr emF sf the employed lsers re pulsedD the moleulr em is generlly pulsed s PS QFQF wEyfi igygy wellF e pulsed vlveD opening only shortlyD llows to use lower pressure in the expnsion hmer nd fter the skimmer 3 D onsequently the ooling of the moleules is more e0ient while using smller @nd lso heperA vuum pumpsF wore detils on moleulr ems n e found in SVF es exE plined lredyD the trnsltionl temperture of the moleulr em omponents is low due to the ollisionsF sn this proessD energy exhnges led to virtionl nd rottionl ooling of the moleulesD mening tht only the lowest rovirtionl levels re oupiedF his gretly simpli(es spetrF hiE ret supersoni expnsion of stle moleules n hieve tempertures of PH u or lower [39] Y for reE tive intermedites produed with the pyrolysis tehE nique the tempertures rehed re in the rnge of IHHEISH u [59,60] F 3.3 Pump-Probe spectroscopy yne the rdils re seeded in the moleulr emD they n e exmined with di'erent spetrosopi methodsD depending on the sujet of interestF por the mesurement of the moleulr exited sttesD the lredy mentioned iwsEspetrosopy is very sensitive ompred to sorption spetrosE opyD nd lso llows n esy identi(tion of the moleule vi its moleulr mss [39] F sn (gF QFS three suh iwsEproesses re depited shemtE illyF he ommon nomenlture is to write it s nCm9D where n photons exite the moleule from the ground stte q to some exited stte iD nd m photons ionize the moleuleF sf oth n nd m photons hve the sme wvelengthD the prime is omittedF yn the left of (gF QFS we hve therefore ICIEiwsD in the middle PCIEiws proE PT grei QF iiswixev sxgsvi essD nd on the right PCI9EiwsF snteresting isD howeverD not only the question where these exited sttes re loted energetillyD ut wht hppens one the moleule is exitedF his is of fundmentl importne in mny proE esses E from exittion of moleule vi light @eFgF in photosynthesis or in solr ellsA to exittion of moleule vi therml energy @omustion proE essesAF hese proesses re exmined in the (eld of retion dynmisF etion spetrosopy llows to otin informtion out the (nl produtsD this method onsists in vrying the exittion energy nd deteting the (nl produts using for exmple mss spetrometry or photoion imgingF imeEresolved pumpEproe spetrosopy gives informtion out the timeEsles nd the internl dynmis of photoretionsF vet9s disuss this exE emplry with (gF QFT for model moleule possessE ing two exited sttes @i 1 nd i 2 AF e (rst lser with de(ned temporl nd spetrl width exites the moleule into i 2 D this lser is lled the pump lser @here depited s the green rrowAF his stte n now evolveD it n dey for exmple into i 1 F o we re interested in the temporl evolution fE ter moleule is exitedF e seond lser @a proe lserA with de(ned temporl nd spetrl width proes the systemD mening the system returns signlF he time dely etween oth lser pulses is known nd n e hngedD therefore the evolution of the system over time n e otinedF he temporl width of oth lsers de(nes the temporl resolution of the experimentD sine meE suring signls shorter thn the temporl length of oth lsers with those sme lsers is not fesileF he oserved signl is sed on the intertions of moleule with light s shown in hpter PX PU QFQF wEyfi igygy he uorescence of the moleule n e meE sured diretly without seond proe pulse using either imeEgorrelted ingle hoton gounting [61] or strekEmer [39] F elterntively seond lser pulse proes the )uoresene vi )uoresE ene uponversion [62] or )uoresene uerrEgE ting [63] F he absorption of the proe n e mesured @trnsient sorptionAF i 1 nd i 2 will hve di'erent sorption spetr ompred to the ground stteD mening tht the dey to i 1 n e folE lowed esilyF his tehnique is mostly pplied in liquid phseD sine high onentrtions of the moleule re needed for su0ient sorptionF he moleule is therefore not isoltedD ut interE ts with the moleules round itEwhih re lso interesting proesses [64] F he proe n ionize the moleule @pumpEproe mssGphotoeletron spetrosopyAF his hs mE jor dvntgesX soniztion is n lwys llowed proessD proE vided tht the photon energy is high enoughF he detetion of hrged prtiles is very efE (ientF his method works in the gs phseD normlly in omintion with the moleulr em tehnique [39,65] D nd onsequently exE mines isolted moleules in their rottionl nd virtionl ground sttesF sn omintion with mss spetrometry the informtion of the moleulr mss llows idenE ti(tion of the moleule nd of its frgmenE ttion hnnelsF he kineti energy of the eletron nd the kiE neti energy of the ion s well s their ngulr distriutions ontin informtion on the eleE troni sttes populted t the ioniztion timeF umpEproe mss timeEofE)ightGphotoeletron speE PV grei QF iiswixev sxgsvi trosopy ws used during this thesis to exmine the dynmis of severl rdilsF foth methods rely on the detetion of hrged prtilesF he priniple of timeEofE)ight @ypA mss speE trometry is rther strigthforwrdX heoretilly ll moleules re ionized t the sme time in the sme lolized pointF fy pplying n externl eletri (eld the tions re elerted y the sme mountD ll singleEhrged moleules oE tin the sme kineti energyF woleules of di'erent msses possess onsequently di'erent end veloE ityF efter )ying through (eldEfree tue they rrive on the detetor t di'erent timesD whih re meE suredF he resolution of ypEmss spetrometer is mostly limited y the size of the ioniztion regionD n eletril (eld without defets nd the distne of the )ight tue [66] F sn relity the size of the ioniztion region is lE wys (niteD s is illustrted in (gF QFU with two moleules pproximted s green irlesX he moleule loser to the repeller @A will leve the whole eleE trostti optis lterD ut will lso undergo greter elertionF st will therefore strt to th up to the other moleule in front of himD until they re t the sme position @indited s the gry sl in the kgroundAF his orresponds to the est resoluE tionD where the peks re the nrrowestF he disE tne of the est resolution reltive to the ground eletrode depends on the eletril (elds ppliedF he mss is proportionl to the squre of the )ightEtimeX m ∼ t 2 @QFIA he veloityEmp imging @wsA tehnique ws used for photoeletron spetrosopy nd is explined in the next hpterF PW QFQF wEyfi igygy sn the experiments during this thesis oth the pump nd the proe lser were linerly polrizedF he orienttion of oth lsers respetively to eh other n vry etween the extreme ses of oth prlE lel to eh other or orthogonl to eh otherF foth the exittion nd the ioniztion proess hppen ording to the orienttion of the orresponding trnsition momentD where the extreme ses re prllel nd orthogonl orienttion of oth trnsiE tion momentsF sn omplete isotropi smple @rndom orienE ttion of the moleulesAD the (rst linerly polrized lser will only exite moleules whose exittion trnsition dipole moment is in the diretion of the eletri (eldF his will rete n oriented populE tion of exited moleulesF sf the reorienttion of the moleules is slow ompred to the time resoE lution of the pumpEproe experimentD rottionl nisotropy my e oserved when ompring the e'et of proe with di'erent diretion [67] F he rottionl nisotropy is de(ned s

PQ QFPF wyvigve fiew

β a ! ⊥ C P ⊥ @QFPA
where nd ⊥ orrespond to the otined sigE nl of prllel nd orthogonl lser polriztion eE tween the pump nd the proeF xo rottionl nisotropy will e oserved if the stte exited in the pump step is isotropi @eFgF sEoritl hrterA or if the moleule rottes fster thn the timeEresolution of the experiment nd dephsesF o exlude rottionl nisotropy nd thus only ddress relxtion deysD the rottionl men of the signl is nlyzedX mean a @ C P ⊥ AGQ @QFQA QH Chapter 4 Velocity map imaging pigure RFI illustrtes the priniple of veloity mp imging s developed y ippink nd rker [68] D nd s implemented in ürzurg nd with minor modi(tions in lyF ghrged prtiles re reE ted in the spheril volume 1 either y rossing two lsers 2 @s shown hereA or y ionizing with single lserF he reted hrged prtiles will hve totl reoil kineti energy @eqF RFIAD whih depends on the energy introdued in the system s QI well s on the stte of the (nl prtilesF sf one of the lsers indues dissoitionD the energy needed for tht will lso e re)eted in the kineti energy of the prtilesF i kin a i lasers ! i ionization ! i vib ! i rot @!i diss A @RFIA sn onlusion prtiles with the sme mss ut with di'erent kineti energies orrespond to di'erent reE tion proessesD soElled 9hnnels9F huring ionizE tionD for exmpleD di'erent virtionl levels of the tion n e oupiedD s illustrted in (gF RFPF hi'erentiting the eletrons ording to their kiE neti energy llows diret insight in the eletroni sttes of moleuleF row does the physil hemist now otin this informtion out of the spheril volume 1 c he ioniztion tkes ple in n eletri (eld whih proE jets the expnding spheres 7 on the detetor 8 F rtiles with the sme kineti energy will expnd of the sme surfe of the sphere 7 D these spheres re lled newton spheresF his is depited shemtE illy here for four prtiles with di'erent kineti energy @order from low to high kineti energyX white `yellow `green `lueAF por this n eletrostti optis 6 is usedF he (eld lines of those eletrodes resemle n optil lens @see (gF RFQAD nd just s the nme impliesD y pplying the orret voltges on this eletroE stti optis the newton spheres 7 re foused on the detetorY they rrive on the detetor s deE pited in (gF RFIF he eletrostti optis onE sists in its most si design of three eletrodesD repeller 3 D extrtor 4 nd ground 5 eletrodesF ynto repeller nd extrtor voltge is ppliedD with | repeller | b | extractor |D the lst eletrode is grounded or djusted to the voltge of the timeEofE QP grei RF ivygs we sweqsxq )ight tueF qrounding the lst eletrode 5 together with the (rst miroEhnnel plte of the detetor 8 ensures (eldEfree @unperturedA )ight onditions of the newton spheres 7 @for detiled disussion of the detetor see lter in the text nd (gF RFRAF he voltge rtio etween repeller nd extrtor is deE isive for proper fous of the prtiles with the sme veloity vetor on the rdiusF sn the nlogy of lens hnging the voltge rtio orresponds to hnging the fol length of the lensF his fol length should e equl to the distne of ioniztion point to the detetor 8 D otherwise the imge will e lurred nd distortedF he most ommonly used detetor onsists of two micro-channel plates @wgsA nd phosphor sreenD llowing positionEsensitive detetionF his detetor is shown shemtilly in (gF RFRF e wg @ 2 nd 3 A is irulr sl with regE ulr rry of miroEhnnels mde from highly reE sistive mteril suh s led glss [69] F hey re sigE nl mpli(ers @ginX IH 4 EIH 7 A [69] D ommonly used in night vision goggles [70] F hey work s followsX the (rst wg 2 is groundedD on the seond wg 3 positive voltge is ppliedF e hrged prtile 1 rriving in suh miroEhnnel of the (rst wgD hits the wll nd provokes sde of eletrons @IH 4 E IH 7 eletrons per hrged prtileAF his eletrode sde is then elerted y the eletril (eld of the seond wg 3 D hits the wll ginD leding to further sdesF he eletrons reted in the seond wg 3 re elerted in diretion of the phosphor sreen 4 D kept t higher positive voltE geF he signl is thus mpli(ed ginF foth wgs re most ommonly orientted in the hevron setupD mening tht the ngles of the hnnels re orienE tted in hevron shpe @WH°D see wgs shemti in the lue retngle in (gF RFRAF QQ 1 2 3 4 his setup ensures tht prtiles whih pss the (rst wg without touhing the wll of miroE hnnelD will ertinly hit the wll of the seond wgF [71] he eletron loud then rrives on the phosphor sreen 4 D where they stimulte luminosityF his luminosity is photogrphed y Charged-Coupled Device @gghA mer 5 F he di'erent phosphor sreens re nmed fter the phosphor type used @for exmpleX PHa@nDgdAXegD RQaqd 2 y 2 XAD they di'er in the emitted spetrum nd the dey time of the )uoresene [72,73] F hosphor sreens hve dey times of IEIHH ms [74] D longer thn the )ight time of the hrged prtiles @whih is round QR grei RF ivygs we sweqsxq severl μsAF o otin mss resolutionD the seond wg needs to e gtedF st is kept t se voltE ge where eletrons do not hve high enough kiE neti energy to use luminesene on the phosphor sreenD nd only when the prtile of interest rrives @mening for given mssA the voltge of the seE ond wg is rmped up so tht the phosphor sreen emits lightF eturning to (gF RFID the ggh mer 9 tkes piture of the luminosity of the phosphor sreen whih orresponds to the sptil distriution of the hrged prtilesF he x nd y diretion is immeE ditely pprent out of the imgeF his is not the se for the zEdiretionD sine we hve Ph detetor to imge Qh distriutionF eovering the zEomponent n e either done experimentlly vi for exmple sliingD or mtheE mtilly using soElled inversion methodsF ynly the mthemtil methods re presented in the folE lowing in detilD for the experimentl methods the reder is referred to severl detiled reviews [7577] F he hrged prtiles rrive in (lled irleD orresponding to the )ttened xewton spheres @ 10 AF hysil informtion is in the ut through the newE ton spheres @ 11 AD the mthemtil proess from 10 to 11 is lled inversionF efter suessful inversion the imge hs to e lirted from pixels to enE ergyGveloityF he following hpter is orgnized s followsX pirst ion imging @setion RFIA nd then photoeleE tron imging @setion RFPA will e tretedD with the fous on wht informtion n e otined from those two methodsF hen the inversion proess will e eluidted @setion RFQAD nd the results of new lgorithm for the pfsex inversion method @suseE tion RFQFPA will e presentedF pinllyD two lirE QS RFIF syx sweqsxq tion protools for photoeletron imging @suseE tion RFRFIA nd hlorine imging @susetion RFRFPA re givenF 4.1 Ion imaging son imging is used to exmine photodissoitions or dissoitive photoioniztionF he priniple is disE plyed in (gF RFS with moleule onsisting of red nd lue tomF he moleule is exited y (rst lser @lueAD leding to photodissoitionD the ond reksF e seond lser @redA now ionizes one of the photofrgE 
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gonsequently it is dvntgeous to imge the lighter frgmentX the lighter frgment hs the higher veloE ityD imging it llows more preise determintion of v 1 nd v 2 F ith knowledge of these two prmE eters one n determine in (rst pproximtion the totl kineti energy releseD whih omined with eF gF Rice-Ramsperger-Kassel-Marcus @uwA theE ory simultions [78] give insight in the dissoition mehnismF hese reltionships re well explined in the thesis of tF qiegerih [59] F he sme ond n rek vi di'erent proessesD for exmple out QT grei RF ivygs we sweqsxq of di'erent exited sttesD nd in moleule onsistE ing of more thn two toms di'erent onds n rek s wellF hese di'erent hnnels led to difE ferent kineti energies of the frgmentsD nd they n therefore e distinguishedD s ws the se for eFgF ylopropnylidene [79] F b) Angular distribution of the ionsX son imges from photodissoition @y polrized lserA n e isotropi @see (gF RFTAD ut nisotropi imges re lso oserved @see (gF RFU nd (gF RFVAF he white rrow in ll three imges orresponds to the lser polriztion of the linerly polrized dissoition lserF here does this nisotropy ome fromc woleules sor the lser light more or less s the funtion of the overlp etween the lser poE lriztion nd its trnsition dipole momentumF es depited in (gF RFWD the trnsition dipole moment n e ligned di'erently in respet to the dissoE ition xis Eeither perpendiulr @leftA or prllel @rightA in extreme sesF sf the dissoition of the moleule is fster thn the rottion of the moleule itselfD the frgmenttion will our without reorienE ttion of the initilly populted exited moleulesF por moleules where the trnsition dipole moment is perpendiulr to the dissoition xisD we otin n imge suh s displyed in (gF RFUY re oth prllelD n imge like in (gF RFV is seenF low photodissoition leds to n isotropi distriutionD sine the moleule n rotteD the otined distriE ution will e more isotropiF o desrie this phenomenonD (rst the intensity reE ltionship etween the Qh newton sphere nd its projetion @upper imge in (gF RFIHA nd its ut in the middle @lower imge in (gF RFIHA need to e estlishedF he nisotropi newton sphere @disE plyed shemtilly in (gF RFIHA hs ylindril QU RFIF syx sweqsxq symmetryD nd is desried in polr oordintes y the ngles θD φ nd the rdius rF por the ut through the middle of the newton sphere @the xEy plneA nd the ngulr distriutionD only the ngle θ nd the rdius r re onserved s vrilesF gonsidering the intensity distriutionD for points with θaHGIVH°it is ondensed to some pointsD ut for points with θ aHGIVH°it is distriuted round the irumferene desried y the ngle φF o inE orporte the orret intensity distriution in the ut through the newton sphereD it needs to e mulE tiplied with the toienD sinθF Intensity relationship between the 3D newton sphere, its projection and its cut through the newton sphere he nisotropy of the ut through the newton sphere is qunti(ed y the vlue βF his is deE (ned s follows @for linerly polrized lsers nd oneEphoton trnsitionsAX s@θA a I Rπ @I C β 2 @osθAA @RFQA where the intensity s is funtion of the ngle θD de(ned s the ngle with respet to the polriztion of the lser nd the eletril (eldF 2 @osθA is the seondEorder vegendre olynoE milX 2 @osθA a I P @Qos 2 θ ! IA @RFRA por isotropi imges βaHD s the intensity does not depend on the ngleF por prllel trnsition dipole moment to the dissoition xis we hve βaCPD nd for perpendiulr trnsition dipole moment to the dissoition xis βaEI [8083] F grei RF ivygs we sweqsxq moment @informtion tht is di0ult to otin othE erwise experimentllyAD ut lso llows insight into the timesles of the dissoition E sine rel nguE lr distriution rrely shows the two extreme se vlues with βaCPGEI [84] F 4.2 Photoelectron imaging enlogous to ion imgingD photoeletron imging llows to otin the ngulr nd energeti informE tion of the eletron produed y ioniztionF he mximl energy of n eletron orreltes diretly to the numer of photons of the ioniztion proessD provided tht the ioniztion energy si nd the internl energy i int @nd of ourse the photon energyA is knownX i max, electron a i photon/photons ! si ! i int @RFSA his is very useful informtion in pumpEproe experimentsD where vrying the lser power of one lser is not suitle wy of (nding the order of the ioniztion proess @eFgF if it is ICQ9 or ICR9AF enother useful informtion is the Photoelectron Angular Distribution @ehAF sn the se of utoionE iztion the nisotropy re)ets timesleX the lifeE time of the (nl stte my e long efore it ejets the eletron @greter thn IH -13 sAD the moleule n rotte nd n isotropi photoeletron ngulr distriution will e otined [85] F sf no utoioniztion is involvedD howeverD the photoeletron nisotropy does not re)et the timeE sles on whih the dissoition ours or the relE tive position of the dissoition xis to the trnE sition dipole moment s in ion imgingD the photoE eletron nisotropy stems from di'erent mehE QW RFPF ryyivigyx sweqsxq nismF sn the following only fst ioniztion proesses @where the ioniztion energy is exeeded y the enE ergy of the photon or photonsA re onsideredF soniztion is lwys llowedD ut the onservE tion lws of energy nd of totl ngulr momenE tum still holdF ine the initil nd the (nl ioni stte hve oth given totl ngulr momentumD the ejeted photoeletron hs to oey the momenE tum onservtion ruleF sn other wordsX the ngulr momentum of the ejeted photoeletron is the difE ferene etween the ngulr moment of the initil stte C photon@sA nd the (nl stteF hile the initil stte is well de(nedD this is not the se for the (nl stteF por n ioniztion out of n tomi pEoritl @laIAD for exmpleD the (nl stte n either e n sEtype oritl @laHA or dE type oritl @laPAD oth re llowedF foth outgoing hnnels re prt of the eletron wvefuntion nd interfereD giving rise to the photoeletron ngulr distriution [85,86] F gonsequently the ngulr distriution of phoE toeletrons gives us vlule insight in the orE itlsGeletroni sttes of the moleuleD though fr less intuitive thn in the se of the ngulr disE triution of photofrgmentsF sn the following prt of this setion the generl expression for nEphoton ioniztion will e presented efore disussing the photoeletron ngulr distriutions in the se of tomsD to llow the reder to develop n ppreiE tion for this experimentl @yet trikyA oservleF RH grei RF ivygs we sweqsxq 4.2.1 General description he generl form of the eh is [86] 
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where LM @θD φA re spheril hrmoni funtionsD whih re interhngele with vegendre polynoE mils in the se of ylindrilly symmetri proE lems [87] @see setion RFQAF ell the physis of the photoioniztion is in the nisotropy prmeters β LM whih depend on the proess itselfD eFgF on the oritl from whih the eletron is ejetedD on the photoioniztion energyD whether the smple is lignedD how mny photons re involved in ioniztion nd on the polriztion of the lserF por oneEphoton ioniztion with linerly poE lrized @or unpolrizedA lserD gooper nd re showed tht the eh simpli(es to [88] X s@θA ∝ I C β 2 2 @osθA @RFUA whih is of the sme form s eqution RFQ for phoE toion nisotropyF n @osθA orresponds to the n th E order vegendre polynomil nd β n to orresponding order of the photoeletron nisotropyF essuming the smeD linerly polrized lser uses multiEphoton ioniztionD eqution RFU hs to e exE tended to [89,90] X s@θA ∝ I C β 2 2 @osθA C β 4 4 @osθA C FFF C β 2n 2n @osθA @RFVA where n orresponds to the mximum numer of photonsF por irulrly polrized light odd vegE endre polynomils hve to e onsidered s wellF RI RFPF ryyivigyx sweqsxq hile the equtions RFU nd RFV llow desripE tion of the experimentlly oserved eh @aextrE tion of the nisotropy vluesAD they do not give ny strightforwrd insight into the oritl from with the eletron is ejetedF 4.2.2 Cooper-Zare formula, classic formula sn the following the simplest se for eh will e tretedD mening eh in the se of toms ionized vi one linerlyEpolrized photonF es mentioned in the introdution of this setionD when ionizing from n oritl other thn n sEoritlD di'erent hnnels interfereF por exmple pEoritl @laIA n either ionize in sEontinuum @laHA or in dEontinuum @laPAF ih ngulr momentum of the ejeted eleE tron will led to spei( nisotropy [85] F he lCI hnnel leds to the following nisotropyX

β 2 a l C P Pl C I @RFWA
where l is the initil ngulr momentumD this orE responds in our exmple to the pd trnsition nd gives βEvlue of IF por the lEI hnnel following nisotropy is otinedX
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whih orresponds in our exmple to the ps trnE sition gives βEvlue of HF ynly for ioniztion out of n sEoritl we hve only one hnnel @se lCIA nd the βEvlue is P [85] F he di'erent hnnels inE terfereD whih leds to the rther omplited forE mul developed IWTV y gooper nd re [88,91] for tomsX RP grei RF ivygs we sweqsxq β 2 a l@l ! IAσ 2 l1 C @l C IA@l C PAσ² l+1 ! Tl@l C IAσ l+1 σ l1 os@δ l+1 ! δ l1 A @Pl C IAlσ 2 l1 C @l C IAσ 2 l+1 @RFIIA with l s the oritl quntum numer of the eleE troni stte from whih ioniztion oursD δ l is the phse shift of the l th prtil wve nd σ l±1 orreE sponds to the dipole rdil mtrix elementX σ l±1 a ∞ 0 nl r kl±1 dr @RFIPA os@δ l+1 ! δ l1 A is the di'erene in the phse ngle etween the two hnnelsF σ l±1 depends on the enE ergy of the photoeletronD nd onsequently lso on the energy of the initil photon used for ioniztionF sn (gF RFIP with the gooperEre formul the nisotropy prmeters re lulted for the hydrogen tom RQ RFPF ryyivigyx sweqsxq ionized out of di'erent tomi oritls while vryE ing the photon energyD whih results in di'erent kineti energies of the photoeletrons @xExisAF e see tht for sEoritls @laHA β 2 is lwys PD sine we hve no interferene etween di'erent hnnelsF por pEtype oritls @laIA this is not the seD the di'erent hnnels @ps nd pdA interfereF he spei( vlue of β 2 not only depends on the type of the oritlD ut lso on its quntum numer nF he Pp oritl @red stright lineA nd the Qp oritl @red dotted lineA show t HFS e nerly opposite nisotropiesX β 2 @PpAaEHFV nd β 2 @QpAaPFHF his exmple lone shows tht the eh is very sensitive tool of the eletroni strutureF pigF RFIP lso demonstrtes e'etively tht just knowing the nisotropy vlue lone E without knowledge of the moleulr struture or the energy used for ionE iztionGkineti energy of the eletrons E llows no identi(tion of the initil stteF woreoverD unlike tomi ionsD moleulr ions possess virtionl levE elsD nd therefore the the kineti energy of phoE toeletron n e vried within ertin limitsF e mesured nisotropy β 2 aPFH t IFS eD for exmE pleD ould stem from either n sEoritl or from Qp oritlF e ler identi(tion is only possile if the energy of the photon used for ioniztion is vriedE whih experimentlly is not simple tskD espeilly in the se of the fsEpumpEproe photoE eletron spetrosopy setup @see setion SFRAF he exmple disussed here ws for the hydroE gen tom ionized with one linerlyEpolrized phoE tonF ht out the nisotropy for moleules or the nisotropy in multiEphoton proessesc sn the se of yderg oritls the sitution is nlogous to those in tomsF hen ound sttes of moleules RR grei RF ivygs we sweqsxq re ionizedD the sitution is more omplex [92] D espeE illy if utoioniztion [93] ndGor multiphoton ionE iztion [9496] omes into plyF iven though qunE tittive simple lultion ndGor interprettion of the photoeletron nisotropy is often di0ultD it remins very sensitive oservleD vi whih hnge in eletroni hrter n e deteted [86,90,97] F he free eletron in rdils nd renes hs often pEhrterD nd shows therefore photoeletron nisotropyF heoretil methods exists to luE lte the nisotropy sed on ab inito or hhp lultions [98] D ut this is not further developped hereF 4.3 Reconstruction methods es lredy explined in the introdution of this hpterD for interprettion of the imge we do not need the mesured )ttened newton spheres @ 10 in (gF RFIQD whih is n exerpt of (gF RFIAD ut the ut through the xyEplne of the newton spheres @ 11 in (gF RFIQAF herefore we need to reonstrut the Qh newton spheres from the )ttened Ph projeE tionF fut due to the ylindril symmetry E symE metry issued from the ft tht the ioniztion lser is polrized E this projetion depends only on P pE rmetersF herefore it is priori possile to reover the omplete informtion from Ph projetionD unE der the ondition tht the symmetry xis given y the polrized lser is in the projetion plneF his z x y is depited shemtilly in (gF RFIRF pirst let9s tkle the prolem from the inverse mnnerF sf we hd the ut through the middle of the newton sphereD how n we reonstrut the wholeD )ttened newton sphere ssuming ylindril symE metryc RS RFQF igyxgsyx wiryh he reonstrution of the wholeD )ttened newton sphere @or the projetion of the ut through the newton sphereA is hieved using the forwrd eel trnsformX g@A a P ˆ∞ R f@rAr @r 2 ! 2 A dr @RFIQA where r is the distne to the symmetry xis @see (gF RFISAD f@rA the xilly symmetri funtion of interE r est @the ut through the newton sphere orthogonl to the symmetry xisA dependent on the rdius r nd g@A orresponds to the projetion of the newE ton sphere dependent on the rdius @zExis in (gF RFIRAF his equtionD found IVPQ y the mtheE mtiin xiels renrik eelD hs mny other ppliE tions for exmple in omustion dignostis [99] D hologrphy nd interferometry [100] F pormlly it would su0e to tke the reverse of funtion RFIQX f@rA a ! I π ˆ∞ r g @A @ 2 ! r 2 A d @RFIRA glultion of the forwrd eel trnsform @equE tion RFIQA is reltively strightforwrdF ht is not the se for the inverse eel trnsform @eqution RFIRA where the derivtive in the integrnd tends to mplify noise [101] F herefore severl other lE gorithms to irumvent the inverse eel trnsform were engineeredF emong them re the pourierErnkel eel inverE sion [102] D whih onsists of tking the rnkel trnsE form of the pourierEtrnsformed rw dtD for whih omputtionlly e0ient lgorithms exist [103,104] F iven though this method is less sensitive to noise RT grei RF ivygs we sweqsxq thn the diret eel inversionD it mgni(es the noise long the enterline of the reonstruted veloity distriutionD s shown in (gF RFITF eursive methods to lulte oth the forE wrd eel trnsform nd the inverse eel trnsE form were developed y rnsen nd vwD ut s exE petedD their inverse eel trnsform dels not very well with noisy dt [105] F enother lgorithm is the onionEpeeling lgorithmF his is n itertive proedureD strting t the outE ermost irle of the imgeD lulting the ontriE ution of these prtiles to the whole imge nd sutrting those from itF he lgorithm then onE tinues with the inner irlesD until the whole imge is invertedF st proeeds in lyers going from the outE most lyer inwrdD hene the nme onionEpeeling lgorithm [106,107] F he fsex methodD yet nother inversion lgoE rithmD is explined in detil in the next hpterF hese four methods were ompred in PHHS y ipE pink et lFD onluding tht tht the fsex method nd the onionEpeeling lgorithm perform est [101] F xewer methods re the pfsex lgorithmD sed on the fsex lgorithm ut using sis funtions in the polr oordinte systemD [108] nd the mxinE tropy method y fF hik [109] F he mxintropy method hs lredy een ompred to the pfE sex lgorithm in the thesis of tF qiegerih for ion imgesD [59] nd its performne of timeEresolved photoeletron spetr for the PEmethylllyl rdil is disussed in setion TF sn the following hpE ter the fsex nd the pfsex method will e exE plined in detilD efore the presenttion of n imE proved smpling proedure whih improves the perE formne of pfsexF RU RFQF igyxgsyx wiryh 4.3.1 The Basex and pBasex method he priniple of the basis set expansion @fsexA method is depited in (gF RFIUF es previously sttedD e0ient lgorithms exists for the forwrd eel trnsform @going from 1 to 2 AD ut not for the inverse seF he priniple of the fsex method is to tke set of nlytil sis funtions @eFgF qussinE shped rdil distriutions 3 G 4 with di'erent rdiiA nd projet them using the forwrd eel trnsE formD resulting in set of projeted sis funtions @ 5 G 6 AF he set of projeted sis funtions is used to djust the experimentl rw imge 2 D providing (tting oe0ients 7 F epplying these sme oe0E ients on the originl nlyti sis funtions reonE struts the inverted imge 1 F wthemtilly this proedure n e desried in the followingX he imge to e reonstruted is desried s funtion s@rDzA depending on two oordintesX the rdius r to the symmetry xis zD whih orresponds to the lser symmetry xisF he forwrd eel proE jetion of this funtion on the @xDzA plne is simply the pplition of eqution RFIQX @xD zA a P ˆ∞ x rs@rD zA √ r 2 ! x 2 dr @RFISA he dt for the projetion @xDzA out of rel experE imentD howeverD is no smooth funtionD ut inned y the ggh detetorF he ggh detetor hs the size of x x Bx z pixelsD whih led to the digitized projetion funtion ij X ij a P ˆh@x ! x i D z ! z i Adxdz ˆ∞ x rs@rD zA √ r 2 ! x 2 dr @RFITA RV grei RF ivygs we sweqsxq where h@xDzA desries n instrumentl funtionF sn (gF RFIU eqution RFIT orresponds to the trnsforE mtion of 1 into 2 F vet9s introdue set of sis funtions f k @rD zA @with kaHDIDFFF uEIAF epplying eqF RFIT on the sis set funtions f k @rD zA results in the projeted sis set funtionsX q kij a ˆh@x ! x i D z ! z i Adxdz ˆ∞ x rf k @rD zA √ r 2 ! x 2 dr @RFIUA RW RFQF igyxgsyx wiryh e n now write the whole prolem into mtrix formX a q * @RFIVA where is the projeted imge 5 s Ih vetorD q orresponds to the projeted sis funtions mtrix @qa@q 0 Dq 1 DFFFq K-1 A T A nd re the oe0ients s Ih vetorF ith the oe0ients the inverted imE ge n e lulted with simple mtrix multiE plitionX s a p * @RFIWA where s is the imge nd p the sis funtion set @pa@f 1 Df 2 DFFFf K-1 A T AF he oe0ients n e oE tined y the inversion of qF a q 1 * @RFPHA ine q is not squre mtrixD methods like the singular value decomposition @hA [110] or the ikE honov regulriztion [111] method n e used for the inversionF row ig should now suh sis funtion rry q e E or otherwise put E how mny sis funtions should e hosenc sdelly the mount of sis funE tions u should e hosen equl to the numer of dt pointsD mening in the order of IH 5 EIH 6 D the typil size of ggh rryF vukily the prolem is seprle into two indeE pendent vrilesD whih leves produt sis set of the size u x Bu y F ine q is independent of the projeted mtrix D they re lulte only one nd then stored for future lultionsF he sisE set funtions hosen for the fsex method re le to ount for shrp fetures in the order of one SH grei RF ivygs we sweqsxq pixel nd re smooth on smll sleX

f k @rA a e k 2 k 2 r σ 2k 2 e (r/σ) 2 @RFPIA
where σ is in the order of the distne etween two pixelsF hese funtions re for ig k virtully inE distinguishle from qussin funtionsF yne the imge is inverted in this mnnerD speed nd ngulr distriutions n e extrted [101,112] F he sis funtions re only Ih nd re lulted fstD ut when the size of the imge or the enter of the imge hngesD they need to e relultedF his is not the se in the polar basis set expansion @pfsexA methodD developed y qF qriD vF xhon nd sF owisF rere the sis funtions n e reused if the enter of the imge hngesF sn the fsex methodD the sis funtions re hosen in the grtesin oordinte system @more like 4 G 6 thn 3 G 5 in (gF RFIUAD wheres in pfsex the inE version hppens in polr oordintes nd inludes some physil ssumptions issued from the physis of the system oservedF ine the ngulr distriution follows eqution RFVD it n e expressed s n expnsion in vegenE dre polynomilsD nd the sis set funtions re lso Ph vegendre polynomilsF e zeroEorder Ph vegenE dre polynomil @ 0 A sis funtion nd the orreE sponding projetion re shown in (gF RFIU @ 3 nd 5 respetivelyAD seondEorder vegendre polynomil @ 2 A with its orresponding projetion is displyed in (gF RFIVD fourthEorder vegendre polynomil @ 4 A in (gF RFIWF ine with linerly polrized light odd terms in eqution RFT dispperD the numer of sis funtions is even further reduedF he rw imge isD howeverD mesured in grteE SI RFQF igyxgsyx wiryh sin oordintes @xDzAD the pixels of the ggh deteE torF por inversion the imge oordintes need to e onverted into polr oordintes @rDθAD whih E in priniple E is esily possileF fut mthemtilly the sis set should e retngulr mtriesD so it n e esily inverted @see equtions RFIV nd RFIWAD so the imge hs to e trnsformed into Ih vetor of onstnt sizeF sn the urrent pfsex lghorithm this is done vi interpoltion etween the pixels E sine otherE wise one would hve less points ner the enter nd more further wy from the enterF his is indiE ted in (gF RFPHD where the inner irumferene overs only V pixels @R red nd R ornge pixelsAD wheres the outer irumferene overs IT pixels @IP yellow nd R green pixelsAF sn prtie the size of the irumferene is hosen E eFgF PST E nd the polynomil nd ui spline interpoltion method re used to otin the interpolted pixelsF his lso mens tht elow irumferene of PST pixels the points re oversmpledD nd ove irumferene of PST pixels undersmpledF rving done thtD eqution RFIV n e ppliedD nd the oe0ients re determined using h [110] F he numer of sisEfuntions is smller thn the numer of rdiiD so tht the system is overEdeterminedD whih llows for more e0ient nd stle hF tust s for the fsex methodD the lultion of the sis funtion set nd the h proedure on the projeted sis funtion set hve only to e done one nd n then e stored on hrdriveD mkE ing this method very timeEe0ientF qri et lF lso ompred the pfsex method to fsex nd eelD showing tht for odd vegendre polynomils it performs etterD for even vegendre polynomils it gives the sme resultsF sn either se it is less SP grei RF ivygs we sweqsxq timeEonsuming [108] F o otin the inverse of qD neessry for otining the oe0ients X a q 1 * @RFPHA the h proedure is usedD whih is implemented in mny progrmming lngugesD eFgF in the python module numpyF por more informtion out the h proedure the reder is referred to IIQD IIRF he oe0ients otined from this method diE retly re)et the ontriution of the di'erent vegE endre polynomilsF he ontriution of the (rstE order vegendre polynomil 0 orresponds to the totl intensity of the signlF 2 D if only one linerly polrized lser ws used for either photofrgmenE ttion @ionsD see setion RFIA or ioniztion @ionsD eletronsD see setion RFPAD represents the mount of nisotropyF β 2 n e simply lulted with 2 G 0 F ith multiEphoton proesses the sis set funE A A A for projeted 2 sis funtionX he imge is divided here into R res y the white linesD these orrespond to the ngles where notEprojeted 2 E sis funtion is zeroF his identi(es regions of strong ontrst for n e0ient 2 mesurementF sn eh re the dt points re then sorted orreE sponding to the rdius @distne to the enterA nd divided y the numer of pixels hving tht rdiusD s shown in (gF RFPI AF ine the imge is still grtesin dt gridD we de(ne distne dr eE tween the rdil dt points into whih eh dt point is sortedF his wy ll experimentl points re inorported nd no interpoltion is neessryF he numer of res depends on the type of E sis funtion inludedX 0 is lwys positive @no nE gles with zero intensityAD 2 hs four ngles where the intensity is zeroD 4 eight @see lso (g RFIV nd RFIWAF he positions of the ngles re dded upD so for the sis funtion 0 2 4 the dt points re sorted in IP resF his ngleErdius sorting is done on eh sis funtion @Ph qussin vegendre polynomils with di'erent rdiiA nd on the imge to e invertedF e now pply the sme proedure s we did previously on eqution RFIVX a q * @RFIVA with the di'erene tht re the ontented sorted ngles of the imgeD nd q the ontented sorted ngles of the vegendre polynomil sis setF sing the h proedure the mtrix q is inverted nd y multiplition of the inverse mtrix with we otin the oe0ients orting the dt points orresponding to the four ngles nd the rdii r with de(ned dr @distne etween two rdii points rA works (neF he smller the hosen drD the higher will e the (nl resolution in the inverted imgeF roweverD hoosing dr to e smller thn one pixel is prolemti @see (gF RFPRAX this leds to the sorted points lose to the enter where no dt point orresponds to tht prtiulr rdius nd ngleF herefore the hosen dr should e t lest one pixelF yne dr hs een deidedD the sis set needs to e lultedF his involves deiding up to whih vegendre polynomil the imge should e invertedD here for this test imge 0 2 is su0ientF e sis funtion is lulted on every seond sorted rdil SS RFQF igyxgsyx wiryh point r @xaHFS for the method invert_image AF he mximum rdius of the sis funtion rmxD whih should e igger thn the rdius of the imgeD nd suitle stndrd devition σ of the qussin E sis funtion needs to e hosen s wellF pollowing formul for the qussin sis funtion ws usedX g k @rA a e ( rk √ 2σ ) 2 @RFPPA with k the enter position of the urveD σ the stnE drd devition nd r the rdius vrileF he qussin sis funtion should e wide enough so tht ll points re overed @see (gF RFPQE for the d exmpleAD ut not so wide tht they overlp too extensively @see (gF RFPQE for the d exmpleAF σ should e 2 3 • drF he qussin sis funtions re lso plotted s PhEimgeD projeted @forwrd eel trnsformedA using the lgorithm y rnsen nd vw [105] nd then sortedF rere nother prolem rises for smll drX the PhEimge is no longer smooth sine the width σ of the sis funtion is in the order of one to two pixelsF his prolem is irumvented y 9douE leing9 the smpling of the sis funtionsX insted of lulting the sis funtion with the prmeE ters @rmxD drD σ A on rmx pointsD it is lulted with the prmeters on P•rmx pointsF he rdii of the otined sis set re divided y two to mke them omptile with the smple imgeF glulting sis set with draI for 0 2 this wy tkes severl hoursF fut sine this sis set needs only to e lulted oneD this method is still very timeEe0ientF ith the sis set the imges n now e inverted in the mnner desried in setion RFQFPF sn (gF RFPS the ontriution of the vegendre polyE ST grei RF ivygs we sweqsxq nomil 0 for di'erent dr is ompred with the regE ulr pfsex lgorithmF he position of the nds otined with ll three di'erent sis sets (t niely with those y the regulr pfsex lgorithm @dotted lineAF fut with draP @red lineA the peks re wider nd overshoot into negtive intensitiesF his e'et is still visile for draIFSD ut it is lot less proE nounedF he est results re hieved with draIF ine the test imge hs kgroundD this kE ground is seen s tenth isotropi eletroni nd t raPSHD orresponding to the mximl rdius of the test imgeF hese results re nlogous for the omprison of the ontriution of the vegendre polynomil 2 for di'erent dr with the regulr pfsex lgorithm SU RFQF igyxgsyx wiryh @(gF RFPTAF gompring the 2 prt with the origE inl imge in (gF RFPPD the lternting intensities orrespond extly to the di'erent nds oservedF xot only n the dr e vried for sis setD ut σ n e vried s wellF he e'et of vrying σ is illustrted in (gF RFPUF ith lrger sis funtions the sis funtions strt to overshootD whih is est visile for σ aHFVQ•drF por σ smller thn 2 3 • dr the sis funtion undershoot t the seD the peks re lrgerF he photoeletron nisotropy β 2 for pfsex nd pfsexBB is ompred in (gF RFPVF sn either se the nisotropy ws lulted with β 2 a 2 G 0 D points with n intensity elow S 7 re not displyedD sine for points with low intensity 2 G 0 strts to diE vergeF he 2 legendre ontriution is shown in the kgroundF he vrying nisotropies of EIGCP re lerly reovered for oth methodsD though pfE sexBB performs etterD sine less points with n inE tensity etween EI nd P re oservedF he nisotropy β 2 aH round PSH pixels orresponds to the mxiE mum rdius of the imgeF SV grei RF ivygs we sweqsxq rithm show the sme performne for imges with good Gx rtio suh s the test imgeF wore inE teresting is to see how pfsexBB performs for noisy imges ompred to the pfsex lgorithmF 4.3.3.2 Treatment of noisy images he noisy imges stem from n experiment meE sured in PHIP y vionel oisson t the his emE line t the yvisv synhrotronD n exmple for one of the less noisier imges of the mesurment series is shown in (gF RFPWF he low hotoiletron peE trum @iA of the urypton dimer @ur 2 A ws meE sured nlogous to the i of the ergon dimer @er 2 A [115] F he i tehnique is n improvement of the hreshold hotoiletron hotoson gyiniE dene @isgyA tehniqueF sn the isgy tehnique only oinidenes etween eletrons with zero kineti energies nd ions re onsidered to oE tin the dependene of the ioniztion e0ieny with vrying photon energy [116] D so no inversion is forE mlly neessryF he eletrons with zero kineti energy t given photon energy will pper for higherEenergeti photons s nds round the enE terF he i tehnique onsists in inverting the imges nd onsidering eletrons with nonEzero kiE neti energy to enhne the signlF pigF RFQH shows Ph mp of the photoeletron energy s funtion of the photon energyF por the isgy spetrum only the signl in the yellow retngle @photoeletrons with no kineti energyA is onsideredD wheres in i the signl in the red retngle is lso tken into ountF ih eletroni stte ppers s tilted line @see the white line to guide the eyeAF he signl is projeted long the white line to otin the i spetrumF purther TH grei RF ivygs we sweqsxq detils to the tretment of i is desried in IIS nd is not importnt for the further disussion of the pfsexBB performneF por the evlution of pfsexBB i of ur 2 is omE pred to the i otined with pfsex @see (gF RFQIAF he omplete i look t (rst glne very similr @(gF RFQI AAF ooming in @(gF RFQI AAD the pfsexBB i is less noisy thn the pfE sex iF imilr to er 2 D the position nd width of the di'erent nds n e (ttedF hile neither this proedure nor its results will e desried here in detilD the (t unertinties of pfsexBB were out hlf thn those of pfsexF sn onlusion the new pfsex lgorithm performs setion SFRD RH7 oxygen in helium ws expnded vi pulsed vlve into the soure hmerF he otined imges should e perfetly roundF hue to prsiti mgneti (eldsD howeverD this my not lwys e the seF sing imge tretment lgoE rithmsD the imge n e orreted nd the est orretive prmeters determined @see (gF RFQPAF he imges re inverted with the pfsex lgorithm s implemented in the Analyse EprogrmF

Results ω e @m 1 A IWHRFU ω e χ e @m 1 A ITFPS irtionl level i v @m 1 A i v @eA i pos [117] he (rst (ve virtionl levels of the 2 Π g re lE ulted with eqution RFPQD the results re summE rized in tle RFIF hen the energeti position of these virtionl nds n e lultedD sine the ioniztion energy of oxygen @IPFHTWU eA nd the ioniztion wvelength @determined vi spetromE eterD round RFTT eA re knownF TR grei RF ivygs we sweqsxq i v @m 1 A a ω e @v C I P A ! ω e χ e @v C I P A 2 @RFPQA i pos a Qi 266nmphoton ! s ! i v @eA @RFPRA ith these energeti position the lirtion ftor a is determinedX i pos in pixels a i pos in eV @RFPSA he positions of ll (ve virtionl levels re dE justed simultneously in python mroD leding to preise lirtion ftor @see (gF RFQRAF he most intenseD not (tted experimentl nd orreE sponds to intermediry resonnes in the ioniztion proessF [59,118,119] F rydrogen toms re deteted vi ICI9Eiws vi the vymnEαEline with IPIFT nm nd QSR nmF smE ges of pyrrol t di'erent dissoition wvelengths is used for lirtion [120] F fut the hydrogen tom is not the only interestE ing photofrgmentF sn the following lirtion method for hlorine will e presentedF rgl ws used s lirtion sustneD with the hope of verifying the hlorine lirtion with the hydroE gen veloity distriutionF he lirtion is sed on pulition y omnesu et lF [121] D who exmined superexited sttes of rglF es displyed in (gF RFQUD rgl ws exE ited vi PCIEiws shemeF he resonnt stte i 1 Σ + @H + A hs the origin t VQ UVHFP m -1 [122] F he (nl exited stte of rgl is dissoitiveD leding to either hydrogen or hlorine in the eletroni ground stte nd hlorine or hydrogen in n exited stteF ith fourth photon exited hydrogen or hlorine n e ionizedF omnesu et lF mesured phoE toeletron imgesD nd ion imges of oth hlorine nd hydrogenD not only of the i 1 Σ + @H + A stteD ut lso of the g 3 Σ D p 1 ∆@PA nd 1 Σ + stteD whih lE lowed them to qulittive hrterize the superexE TU RFRF gevsfesyx yp ivygs we sweqsxq ited stteF hey determined the rnhing rtios etween utoioniztion nd dissoition hnnels for the di'erent intermedite sttesD nd onluded tht single superexited stte must t s gteE wy stte for the utoioniztionGdissoition into rCglB@RsAF heir mesured imge of 35 gl with ttriuted eletroni exited sttes of hlorine is shown in (gF RFQVF on 35 gl ws olletedF he experimentl prmeE ters re summrized in tle RFPF e kground imge @pulse vlve o'A ws then sutrted from the lirtion imgeD nd the imE ge ws treted ording to the proedure develE opped y tF qiegerih spei( to this experimentl setupF his involves utting o' the detetor order nd tking only the upper right qudrntD whih ws symmetrized to reover the whole pitureF his proedure ws developped sine the phosphor sreen of this prtus ws dmgedF hese three steps were rried out s desried in the thesis of tF qiegerih using the progrms he developed [59] F he imge ws inverted using the pfsex lgorithm s implemented in the Analyse EprogrmD the lirE tion itself ws nlogous s desried in IPHF

Results

pirst the rottionlly resolved PCI iwsEspetrum of the 1 Σ + i 1 Σ + ws mesured @(gF RFQW for r 35 glAF rgl is nonErigid rotorD oth eletroni sttes n e hrterized y the origin e roE ttionl onstnt f e nd the rottionl onstnt h e D whih represents the in)uene of the entrifuE gl fore [38] F hese onstnts re shown in tle RFQF TW RFRF gevsfesyx yp ivygs we sweqsxq r 35 gl e Gm -1 f e Gm -1 h e xIH 3 Gm -1 soure nd experimentl linesD the position of the nds is roughly reproduedF @HA nd @IA oinide very well with the simulted spetrum s does @RAD ut @PAD @QA nd the Ernh re experimentlly loser to the @HA line thn in the simultionF his indites slightly too high rottionl onstntsD ut this oservtion ws not further pursuedF st should e noted tht the experimentl spetrum hd to e shifted y PHFR m -1 @twoEphoton energyA to lower wvelengths to oinide with the simultedD whih is due to the vuum orretion nd n unlirted dyeElserF he intensity of the rottionl simulE tionD orresponding to rottionl temperture of US uD does not (t well to the oserved intensity disE triution for two peksD otherwise it is in resonle good greementF ghlorine hs two isotopesD 35 gl nd 37 glD whih due to their di'erent mss hve slightly di'erent rottionl onstntsF his is illustrted in (gF RFRH on the @HA nd @IA lines seen in the hydrogen mss signlF he leftD less intense peks of oth the @HA nd @IA line orrespond to the signl from r 37 glD the right to r 35 gl with the typil isotope distriution of QSXQUaQXIF he splitting of oth sigE nls is IFW m -1 D whih orresponds resonly well with previous reported vlues of PFI m -1 in the literture [122] F efter hving determined the position of the roE ttionl trnsitionsD 35 gl hlorine imge of the @IAEtrnsition t VQ UUPFQ m -1 ws used for lE irtion @see (gF RFRIAF he priniple of the enE ergy lirtion is displyed in (gF RFRPF rgl is UI RFRF gevsfesyx yp ivygs we sweqsxq exited y three photons nd dissoites to hydroE gen in the eletroni ground stte nd hlorine in yderg stteF he dissoition energy h 0 of rgl is QS URVFP±HFV m 
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Conclusion

iven though lirtion of hlorine vi the @IAE line of the 1 Σ + i 1 Σ + trnsition of rgl is posE sileD the lines re rodD therefore preise ttriE ution is not possileF he originl gol to verify the hlorine lirtion vi imging of the hydroE UQ RFRF gevsfesyx yp ivygs we sweqsxq gen toms in the ground stte ws not suessfulD no twoEolor signl ould e otined @PQVFUR nm for the rgl trnsition nd IPIFT nm for the deteE tion of hydrogenAF por further experiments other lirtion methE ods for hlorine might e preferleD eFgF lirtion vi gl 2 photodissoition y QSI nm [84] or phoE todissoition of sgl [128130] F UR Chapter 5 Experimental Setup wo di'erent experimentl setups were used in this thesisD with their min di'erene eing in the lser used to otin the signls nd the kind of signls reordedF sn ürzurg nnoseond lsers were used to ionize moleulesD with either time-of-ight @ypA spetrosopy or velocity-map-imaging @wsA of the ions s detetion methodsF sn lyD howeverD ionE iztion ws hieved using femtoseond lsersD nd in ddition to yp nd ws of the ionsD timeresolved photoelectron spectra @iA were meE suredF he ommon point in oth setups is the system of interest nd lso the wy the exmined speies re rought into gs phse ndGor produed on the spotF pirst the di'erent soures E used to ring the moleules into gs phse E will e desriedF hen the pyrolysis setupD used to produe the retive speiesD will e presentedF vstly the two setups with their orresponding lser setups nd detetion systems will e shown in detilD s well s the liE rtion of the mss spetrF US SFIF ygi

5.1 Sources ell soures re optimized to get su0iently high mount of moleules into the gs phseD ut still low enough to llow e0ient ooling during the superE soni diti expnsion nd to prevent unwnted retions during pyrolysisF he deiding ftor for eh sustne is its vpor pressure nd its oiling or melting pointD determining its physil stte t room temperture @gseousD liquid or solidAF he following di'erent soures re desried in order of the vpor pressure of these sustnesD going from sustnes with low oiling points @gsesA to high oiling points @solidsAF 5.1.1 Gases e gseous smple needs to e diluted efore introE duing it vi the pulsed vlve into the pprtusD for this P v gs ylinder @(gF SFI nd (gF SFPA is usedF i vlve @ 5 in (gF SFIA the ylinder 4 is (rst evutedF st is (lled with HFP r of the pure smple gsD then ompleted with rre gs like er or re to (nl pressure of PFR rF his orresponds to dilution of V7F fefore strting to mesure it should e wited for t lest hlf n hour to llow thorough uniform mixing of the gsF efter pssing twoEstge pressure regultor 3 the diluted gs mixture ws led into the pprtus usE ing metri tuing @ 2 AF sf the previously used gs ws orrosive @like rgl or xyAD the gs ylinder should e wshed severl times with ethnol until it runs ler nd dried thoroughly efore next use @vi pumping it for long timeAF yne (lling lsted up to T hours of mesurements using pressure of I rF UT grei SF iiswixev i enoughD the setup s detiled in (gF SFS my e usedF he liquid 7 is put into glss smple onE tiner 10 D nd the rrier gs 11 is either psses over the liquid @high vpor pressureD no 9uler9 8 on the gs inlet tue 9 A or through the liquid @lower vpor pressureD with 9luerer9AF he swagelok vlves 2 t the gs inlet 1 nd outlet 3 tues perE mit isolting the systemD s well s eliminting oxyE gen nd other gses out of the liquid y suessive pplying vuum nd rrier gs pressureF sn ürzurg the glss smple ontiner @Quarzglas Heinrich A hd dimeter of RH mm @hxRHAD height of IPH mm nd wll thikness of Q mm inluding (re polished joint surfeF sn ly hxPS glss smple ontiner @Quarzglas Heinrich A ws usedF o prevent rking of the smple ontiners due to exess pressure D SS-RL3S6MM safety valve ws mounted in front of the inlet tue @see (gF SFQAD opening if pressure exeeded P r nd evuting the gses into fume hoodF sn oth seE tups entrl ring ws used to enter the joint propE erlyY using lmp the glss ontiner nd the inlet system were (xed tightly together @see (gF SFRAF qenerlly RES ml smple ws enough for P dysD the smple ws usully renewed not euse it ws emptyD ut euse it hd deomposedF eluminum foil wrpped round the glss smple ontiner ws used to prevent light indued deompositionF UV grei SF iiswixev i snsted of hving the smple outside of the pprE tusD it is put in smple ontiner right efore the pulsed vlve @see (gF SFT nd SFUAF he smple ontiner is steel Epilter @swagelok SS-4TF-LE A 2 D with no (lter element inside nd with the spring removedF i thermocoax heting element @1NcAc10/ 100cm/ 2Xcv10 A 7 in homeE uilt heter 6 D the smple n e heted up to PHH°gF he smple n e liquid with high oilE ing point or solidF he rrier gs 8 psses over the heted smple 5 D inorportes the evported moleulesD psses the pulsed vlve 4 D nd is then expnded into vuumF reting the smple hs to e done slowlyD with the pulsed vlve nd pyrolysis @if usedA swithed onF his llows uniform heting of the tues onneting the smple ontiner to the pulsed vlveD nd prevents logging of the vlve s well s overheting of the smpleF his proedure leds to onstnt nd stle tempertures during mesurementsF he holder for the thermocoax heting element ws uilt y the workshop of the snstitute of hysE il nd heoretil ghemistry of the niversity of ürzurgF st is (xed with hose lmp nd ddiE tionlly seured with opper wireF he temperture ws mesured on top of the (lterD using uEtype thermoouple (xed with srew in one of the two holes of the (lterF hen this soure ws used in lyD the temperture ws mesured y inserting uEthermoouple into the srew hole losest to the pulsed vlveF VH grei SF iiswixev i por solids with very high melting point or for moleules with very low vpor pressureD putting the smple in E(lter is no longer su0ientF sn those ses one possiility is to put it diretly unE der the pulsed vlve feplte [59,131] @see (gF SFV nd SFWA F he distne from smple to pulsed vlve is thus very shortD the temperture grdient etween the oven nd the pulsed vlve is onseE quentely smllD resulting in higher signlF he stndrd pulsed vlve feplte is repled with onnetion piee 6 D het lok 7 nd homeEuilt feplte 8 F ine the distne of the poppet9s point to the feplte inresesD longer homeEuilt poppet 5 hd to e used s wellF he gs 19 psses into the smple vi two wysD one diretly vi 1 into the pulsed vlveD one it psses over the smE ple 13 efore entering the pulsed vlveF he smple 13 is put in hollowed srew 14 D whih serves s smple ontinerF sing thermocoax heting eleE ment 15 the smple is hetedF eeded into the rre gsD the smple moleules pss the pulsed vlve nd then either vi the here depited pyrolysis setup @ 9 D 10 nd 11 D desried in detil in SFPA or re diretly expnded into vuumF sf the smple is liquidD glss wool ws put s the lst lyer in the smple ontiner to preE vent spilling of the smple into other prts of the soure during trnsportF yne smple hs een mountedD it should only e trnsported with the smple ontiner eing vertilF yne of the min prolems with this soure isD howeverD to hve it ompletely irEtight with the pulsed vlve o'F his often requires severl dys of trying di'erent poppets nd di'erent thiknesses enother possiility is to put the solid smple in n oven 3 mounted on the feplte 1 of the pulsed vlve @see (gF SFIH nd SFIPAF he smple is mixed thoroughly with (ne powdered grphite @geX UUVPE RPESD PHESH7 smple onentrtionD depending on the smpleAD nd ompressed to pill 4 F sing either drill fter ompressingD or y putting in stright thik wire in the middle during ompressE ingD ontinuous hole ws mde in the pill E neE essry s to hve moleulr emF he smple is heted using thermocoax heting element @1NcAc 1.5mm A 6 nd evportes into the hole nd in the spe etween the pstille nd the front feE plteF hen the pulsed vlve opensD the rre gs jet is mixed diretly in the oven with the gseous smpleD nd then expnded into vuumF sn the ion imge severl expnsions re visileD n e'usive nd supersoni jet @see (gF SFIIAF hifE ferent positions nd sizes of the hole in the front feplte were tested nd simulted [132,133] F he temperture ws mesured on the side of the oven using thermoouple 7 F he Vespel onnetion piee 2 is designed to minimize het trnsfer eE tween the oven nd the pulsed vlveD using oolE VR grei SF iiswixev i ing element the pulsed vlve my e ooled s wellF his llows heting to high tempertures @QHH°gAF he thermocoax heting element 6 is wrpped with opper wire to mximize het trnsferF he round hole in the side of the onnetion piee llows e0E ient ventingF sing suitle pyrolysis mount out of MACOR ® nd two longer srewsD the pyrolysis setup n e (xed in front of the front feplteF ine pyrolysis ttins very high temperturesD the onnetion piee ws omitted nd het trnsfer inE resed using vuum greseD so tht the ooling of the pulsed vlve ools the k of the oven s wellF Front faceplate with a hole in the center; 6 : Thermocoax heating element; 7 : Hole in the side of the oven, the temperature was measured here; 8 : Gas inlet ow VS SFPF yvs 5.2 Pyrolysis he vrition of the pyrolysis nozzle proposed y uohn et lF [44] used in this thesis is depited in (gF SFIR nd (gFSFIQ F he funtionlity of the pyrolysis hs lredy een explined in setion QFIF yn the feplte 2 of pulsed vlve 1 silionE ride @igA tue @Saint Gobain Keramik, Hexololoy SE SiC tube A 9 is (xed using pyrolysis mount 3 F he pyrolysis mount 3 is mde out of MACOR ® D n isolting lowEexpnsion ermi with low therml ondutivity nd temperture tolerne of over IHHH°g [134] F he ig tue is (xed vi gru srew set in hole on the side of the pyE rolysis mountD whih prevents slipping of the ig tue during the opertion of the pulsed vlveF he igEtue is ontted using two eletrode loks 4 F fy pplying onstnt voltge @typilly eE tween IH nd IT D powers etween QH nd SH AD this semiondutor hets up to IVHH °g [44] @mxiE mum usle temperture of IWHH °g [135] AF ig hs very low therml expnsion oe0ientD high therml ondutivity nd is hemilly inert [136] D mking it n idel mteril for pyrolysis tueF huring experiments of our group t the wiss vight oureD howeverD where the tempertures of the pyE rolysis tue re mesured routinelyD tempertures of UHH E IHHH °g were mesured for powers eE tween QH to SH [137,138] F hue to its high hrdE ness of WFT wohs it nnot e ontted diretly using soft ondutive mterils suh s opperF snE stedD mteril of equl or higher hrdness must e usedF ig splits 8 D frited from solid tue of ig @Berghütten GmbH AD were wedged etween the front 7 nd the k 6 plte nd re ing the upper nd the lower lok of the eletrode lok with two srewsD the ig tue is e0iently onttedF foth the pyrolysis mount nd the stinE less steel eletrode loks were frited y the workshop of snstitute for hysil nd heoretil ghemistry of the niversity of ürzurgF ypilly the ig tue ws QFQEQFV m longD with n inner dimeter of I mmF owers etween QH nd SH were neessry nd su0ient for the produE tion of the rdilF he pyrolysis power pplied should e just enough to ensure high onversion of the preursorD ut s low s possile to hve old moleulr em nd to prevent seondry reE tionsF efter long use grphite lyer forms on the surfe of the ig tueD leding to lower resisE tne nd to (nite lifetimes of the ig tueF xorE mlly the resistne of ig tue ws etween PH nd RH ΩD idelly it should e out IHH ΩF he resistne nd the lifetime of tue n e onsidE erly inresed using rsive pper to eliminte the grphite lyer [59] F he ontts should e put s lose together s possile @typilly HFSEI mAD ensuring short residene times nd minimizing seE ondry retionsF VV grei SF iiswixev i 5.3 Setup in Würzburg

Apparatus

A schematic overview of the pprtus is shown in (gF SFIS @top viewA nd in (gF SFIT @side viewAF he pprtus onsists of soure hmer nd min hmerF sn the soure hmer the moleules re rought into the gs phse nd expnded in moleulr em vi pulsed vlve in diretion of skimmerF i the skimmer the moleulr em enters the min hmerD there it rosses the lsers etween the (rst two pltes of the eletrostti opE tisF he detetor is E in ontrst to the pprtus in ly E mounted in line of the moleulr emF foth timeEofE)ight mss spetr nd veloityEmp imging were reorded using this setupF is onneted on the outside to the gs inlet vi stndrd swagelok onnetionsD on the inside the pulsed vlve @nd orresponding soures depending on the moleule9s hrteristisD see setion SFIA is mountedF he tue n slide through the )ngeD whih for referene is lled soure )ngeD llowE ing djusting of the distne etween the di'erent soures to the skimmerF yn the soure )nge six to eight eletril vE uum onnetions re mountedD orresponding to P fxg onnetions eh for the pulsed vlveD the thermosensor nd the heterY nd P r onneE tions for the pyrolysis @see (gF SFIVAF he pulsed vlve ws operted vi homeEuilt pulse driverF he side nd top )nges re lind )ngesY the side )nge ontins window to filitte entering the moleulr em on the skimmerF he moleulr WH grei SF iiswixev i em is djusted y four srews holding the front )nge @see (gF SFIWAF o hnge the soureD the whole front )nge with the pulsed vlve (xed on the protruding T mm tue @with soures nd pyE rolysisA is dismounted nd tken out of the soure hmerF he pressure in the soure hmer ws meE sured using Balzers PKR 250 pressure gauge. he i ypil pressures with the pulsed vlve on@o'AX soure hmerX ≈IH -5 @QxIH -7 A mr min hmE erX IxIH -6 @UxIH -7 A mr soure hmer is onneted to the min hmE er on the opposite side in respet to the soure )ngeF he onneting )nge hs entrl holeD on whih the skimmer is mountedF he skimmers were produed using proedure ommonly used in our reserh group [139] F he min nd the soure hmer n e seprted using gte vlveD deE signed nd onstruted y the workshop of the snE stitute of hysil nd heoretil ghemistry of the university of ürzurgF his llows seprte venting of the soure hmer @when hnging the moleuleGor soure for exmpleAD while keeping the delite detetor under vuumF

The main chamber onsists of ue ut with T hxITH )nges @see (gF SFPHAF he )nge oppoE site to the soure )nge is onneted to SHH mm long )ight tue with the detetor on its endF wo turopumps re onneted to the min hmerX TMH 520 C Pfeier turopump on the ottom )nge of the rossD nd TMU 260U Pfeier turE he side )nges of the ross onsists of lind )nges with mounted windowsD dye lser rriving from eh sideF e gs hmer is mounted on the lind )nge in diretion of the precision scan lser @see (gF SFISAD llowing tripling of the WI SFQF i sx Üfq lser em y pproprite gs (llings [140] F foth lsers ross the moleulr em in the middle of the eletrostti optisD mounted on the inside of the min hmerF he eletrostti optis onE entrl hole with dimeter of P mmD for oth extrtor nd ground eletrode the dimeter of the entrl hole is PH mmF he moleulr em @ornge in (gF SFPIA psses through ll three holes nd is ionized y the lser @purple in (gF SFPI A etween the repeller nd the extrtor eletrodeF row this works in detil is explined in setion RF hey re mounted on polyether ether ketone @iiuA rodsD kept t distne of IS mm to eh other using iiu spersF iiu is nonEondutive polymer suitle for highEvuum pplitions [141] F he detetor @MCP-50-D-L-VF-P43, Tectra Physics A onsists of two miroEhnnel pltes in hevron on(gurtion nd RQ phosphorous sreen @see (gF SFPPAF fehind the phosphorous sreen ProSilica AVT GC 1380 H ggh mer is mountedF row the detetor works is explined in detil in the eE ginning of hpter RF ith this detetor two types of mesurement were doneF imeEofE)ight mss spetr were meE sured y pplying positive voltge of typilly eE tween IFSEIFU k on the seond wg plteD nd mesuring the drop in voltge on rrivl of the eletron sde produed y ions rriving on the (rst wgF his drop of voltge is mesured using LeCroy Waverunner LT342 osillosopeF he other mesurement mode is ws of ionsF he seond wg ws gted with IPSHCSSH D the phosphorous sreen ws kept typilly t RFR kF smging of eleE WP grei SF iiswixev i trons is not possile with this setupD sine without protetion of prsiti mgneti (elds @protetion y eFgF n μEmetl tueAD the newton spheres of the eletrons would e shifted nd possily deformedF yn the side of the )ight tue Balzers PKR 250 pressure gauge is mountedF hen in imging modeD this guge ws disonnetedD otherwise its mgneti (eld distorts the ions )ight pthF wore detils on the experimentl setup n e found in the thesis of tF qiegerih [59] nd wF teinE uer [142] F 5.3.2 Laser system hree lsers ould e used with the pprtus @see (gFSFISAF iither oth nnoseond dye lsers were The Sirah Cobra Stretch dye laser @see (gF SFPQA is pumped y Spectra Physics GCR-3 xdX eq solid stte lser with either SQP or QSS nm depending on the dyeD whih orresponds to the douled or tripled fundmentl using irefringent rystlF he fundmentl of this dye lser spns from RHH nm to VUH nm with pulse length of VEIH ns nd resolution of HFHV m -1 t SUH nm [143] F

The Sirah Precision Scan dye laser @see Figure 5.24: Sirah Precision Scan dye laser (gF SFPRA is pumped y Spectra Physics Lab 170 xdXeq solid stte lserD whose hrteristis re nlogous to the pump lser of the Sirah Cobra Stretch dye lserF he fundmentl of this dye lser hs nrrower spetrum @QSHEURH nmAD ut its resE WQ SFQF i sx Üfq olution is higher due to (ner grting @HFHT m -1 t TPS nmA with pulse length of TEV ns [144] F his lser ws used to produe wvelengths in the @round IIV nmA using gs ellD desried in detil in refF SWF 5.3.3 Time synchronization gorret synhroniztion of lserD pulsed vlve nd detetor is primordil to otin meningful @or nyA signlF e sheme of the time synhroniztion with typil times is given in (gF SFPSF he mster lok is Stanford Research System DG 535F sts time zero 0 triggers diretly the )sh lights of the goE r dye lserD the Eswith nd the osillosope is on hnnel gF he )sh lights of the reision n re triggered y ghnnel fF ghnnel h triggers the Ewith of the reision n nd is reltive to ghnnel fD thus oth lser re delyed respetively to eh other in time y hnging ghnnel fF ghnE nel e triggers the pulsed vlve nd gghEmerF sn wsEmode it lso triggers the Stanford Research Systems DG645D where ghnnel g orreE sponds to the position of the gte @awhih mss is seletedA nd ghnnel h to the size of the gte @how long it is openAF por the ontinuum lser 0 of the mster lok serves s trigger for nother Stanford Reserach Systems DG645D whose hnnel g nd h trigger the )sh lights nd Eswith respetivelyF 5.3.4 Data acquisition wss spetr were mesured using the progrm imE plemented y wF hneider [145] F por imging the quisition progrm implemented y tF qiegerih [146] ws usedF WR grei SF iiswixev i The source chamber @see (gF SFPW nd (gF SFQHA The main chamber @see (gF SFPU left nd (gF gesF qting mens tht THH re dded to onE stnt voltge of IPHH when detetion is desiredF his llows to redue noise from other hrged prE tilesD like eletrons produed y the lser s it psses through the window into the min hmer or eletrons emitted y the gugesF yn the lower )nge of the (rst round hmerD opposite to the ws detetorD SS m long hx TQ syEp timeEofE)ight tue is mountedD with miroE hnnel plte onneted to LeCroy Waverunner 62Xi osillosope t its end @see (gF SFQPAF sons re elerted @y pplying the orret voltges on the eletrostti optisY see elowA nd rrive on the detetorD whih is typilly kept t voltges of EIVSH F here they use drop in voltgeD whih is deteted y the osillosopeF he other two )nges of the (rst min hmers hve inlid windows for the lsersF foth lsers enter on one side under smll ngleD ross eh other in the middle of the ion optis nd exit the min hmE er on the opposite sideF here the pump lser is re)eted on n OceanOptics USB 400 spetrometer so tht its spetrum n e reorded in rel time during mesurementsF he spetrum of the proe lser is mesured on the optil tles of the lser @see setion SFRFPFRAF The ion optics is optimized to llow good mss resolution nd to e used s n eletrostti lens for ion or photoeletron imgingF es n e seen in (gF SFQQ AD it onsists of R eletrodesF iI nd iP re eletrostti lensesD wheres iQ nd iR re gridsF he moleulr em @depited in orngeA nd the lsers @depited in lueA pss eE tween iP nd iQD for minimizing re)etions these re pinted in lk with grphiteF he eletrodes re thiker on the outsideD this minimizes (eld perE turtions from the spers etween the eletronsD whih re mde out of pi @polytetr)uoroethyE leneAD nonondutive plstiF woreoverD the ion optis n e mehnilly turned inside the ppE rtus @see (gF SFQQEdAD whih llows optiml )ight pths nd detetion on the upperGlower detetorF st n lso e turned in diretion of the qud mss spetrometer to extrt in this diretionF e μEmetl tue is pled round the ion optis nd in the )ight tue of the ws setupD to otin (eldEfree )ight region nd n undistorted photoeletron imgeF o hve good imging resolutionD we use the ions opti s n eletrostti lens @see (gF SFQQE AF he lower grid iR is groundedD the upper grid iQ is typilly t PHHH D iP t IQVV nd the IHP grei SF iiswixev i upper lens t H F he resulting eletromgneti lines form lensD so tht ionsGeletrons formed t di'erent points in spe rrive on the sme rdius round the enter on the imging detetorF hese eletri (eld linesD howeverD re not optiE ml for good mss resolutionF por good mss resolution they should e s prllel s possileD the voltges onsequently need to e dpted @see (gF SFQQEAF yn iI nd iP voltge of PRHH nd PHHH is pplied respetivelyD on iQ nd iR voltges of IVHT nd H re ppliedF sn ontrst to ion imging in ürzurgD the ions re extrted orthogonl to the moleulr emF ine the moleulr em [43,132] hs high veloE ityD the ions produed from the moleulr em onE tinue to move in the diretion of the moleulr em while they re eing extrtedF hus the moleuE lr em is diretly visile s horizontl line @(gF SFQRE in the red retngleAD ontrry to kground moleules @moleules present in the min hmer moving rndomlyD green retngleAD whih pper s di'use irleF sfD howeverD the ions in the moleE ulr em re formed vi dissoitive proessesD the resulting ions otin veloity omponents in x nd y diretionF he line is lurred outD more or less irulr loth is visile @(gF SFQRED yellow retnE gleAF IHQ SFRF i sx egve 5.4.2 The fs-laser system in Saclay he prodution of the desired wvelengths with fsEtime resolution n e divided into two prtsX he genertion of VHH nm y the vu vser erver @setion SFRFPFIA ndD using this lser s the light soureD the frequeny onversion setup for the genE ertion of either PTTGRHH nm @setion SFRFPFPA or vrile wvelengths using the xye setup @seE tion SFRFPFQAF hose will e desried rie)y in the followingD inluded the entry of pump nd the proe lser into the detetion hmer @setion SFRFPFRAF 2 5.4.2.1 Luca Laser Server he vu vser erver is uilt on two tlesX he tle 9empli iqixiesi9 @(gF SFQSA nd the tle 9ewvs nd xye9 @(g SFQUAF On the Ampli Regenerative table @see (gF SFQTA VERDI lser @SQP nmA pumps the MIRA iXphire vser @VHH nmD QH fsD red linesA t repE etition rte of UT wrzF sing pokels ell its repE etition rte is rought down to PH rzF en y'ner trether strehes the em temporllyD llowing hirped pulse mpli(tion without dmging the equipmentF st psses iEphir rystls in regenE ertive mpli(er @ginX xIH 6 A nd in multipss mpli(er@ginX xPHA setupD whih re oth pumped with SQP nm U ns long pulses @green linesA produed y urelite gontinuum lser t PH rzF he resultE ing em is splitted into W mt em nd Tmt emF he W mt em is used for other experiE mentsD wheres the T mt ontinues to the seond tle 9ewvs nd xye9F 2 Many thanks to Michel Perdrix for the schemata of the lasers IHR grei SF iiswixev i On the second table 'AMPLI and NOPAS' two di'erent opertion modes re possileX either using the xyeGVHH nm or PTTGVHH@RHHA nmF sn the PTTGVHH@RHHA nm mode @see (gDSFQUA the VHH nm em @red lineA rriving from the empli egenE ertive tle is temporlly shortened y grting ompressorF sing λGPEplte nd polristors it is then split up into two prtsX yne for the frequeny onversion setup @to generte PTTGRHHG@PHHA nmA nd one for the dely lineF he frequeny onverE sion setup is detiled in the next setionF fy turnE ing the polristor the reltive intensities of the two prts n e djustedF he VHH nm then psses dely lineD whih is ontrolled y Universal Motion Controller Model ESP300D delying the two lser pulses reltive to eh other in timeF efter the dely line it is possile to insert ffy type s rystl to doule the VHH nm em to RHH nm @light lue lineAY nd vi dihroi mirrors the remining VHH nm is eliminted efore it enters into the min hmerF SFQW nd (gF SFRHAD the prt of the VHH nm pulse @red lineA for the frequeny onversion setup psses λGP plte to turns its polriztion efore it is douled y ffy type s rystlF i dihroi mirror the RHH nm pulse @light lue lineA is then seprted from the VHH nm pulseF he VHH nm psses dely stge nd its polriztion is turned vertilly efore it mixes with the RHH nm pulse in nother ffy type s rystl to produe PTT nm @lue lineAF e typil spetrum of PTT nm is shown in (gF SFQVF he dely stge for the VHH nm is used to ssure tht oth ems rrive on the ffy rystl on the sme timeF enother dihroi mirror seprtes PTT nm from the RHHGVHH nm efore oth re propgted towrds the entry of the detetion hmer @see setion SFRFPFRAF st is lso possileD though it ws not used during this thesisD to mix PTT nm in n ffy type s rystl gin with VHH nm to otin PHH nm pulses @dshed lue lineAF Prime Light convertion @model rVIA to generE te tunle wvelengths etween IIHHEIRHH nm vi prmetri mpli(tion of hirped signl produed y superontinuum @whiteElightA genertionF he ω Idler @ornge lineAD prllel polrizedD is (ltered from the vertilly polrized ω signal @light green lineAD whih is then douled y vfy type s rystl @drk green lineAF fy pssing semiEre)etnt mirE ror ω signal is eliminted from P ω signal F Pω signal is then (ltered nd foused in ffy pq type rysE tlF he VHH nm @red lineAD leving the ye light onversionD is (ltered sptillyD psses dely line to djust the temporl overlp etween oth lsers nd is then douled vi ffy type s rysE tlF he RHH nm pulse @light lue lineA is re)eted y dihroi mirror @to eliminte the remining VHH nmA nd then lso foused into the ffy pq type rystlF here oth lsers mix nd light etween PQH to PSR nm is genertedF ossile spetr re shown in (gF SFRIF IIH grei SF iiswixev i hert of this sheme is gin the ye vight onE versionD ut oth ω Idler @ornge lineA nd VHH nm @red lineA oming out of the ye light onversion re lokedF ω signal @light green lineA is douled usE ing vfy type s rystlD nd the resulting Pω signal @drk green lineA isD fter re)eting from semiE re)etive mirror to eliminte the remining fundE mentlD douled gin y ffy type s to QPSEQSH nmF st then psses prism ompressor to ompress our pulseF e typil spetrum of the pump lser generted this wy n e seen in (gF SFRQF scheme of the entries/exits of the lasers es for the following textD PTT nm is designed s pump @lue lineA nd VHHGRHH nm s the proe lser @red lineAF he pump lser psses remote ontrolled λGP plteD llowing to hnge the polriztion of the pump lser from horizontl to vertilF his is used to mesure the rottionl nisotropyF foth pump nd proe then pss remoteEontrolled shutE tersD whih permit utomti mesurements of pump onlyGproe only signls during the time dely snsF IIR grei SF iiswixev i i ertil djustment ws orret when y hnging the epGixtr voltge rtio the kE ground ion signl did not hnge its heightF rorizontl djustment ws orret when the moleulr em ws s (ne s possileF his n lso e otined y djusting the epGixtr voltge rtioF lp oth lser ems sptilly mirror ws slid in front of the entry of the pprtusD re)eting oth ems in diretion of pinholeF his pinhole ws (xed in the distne orresponding to sptil overE lp of oth lsers with the moleulr emF hen oth ems pssed the pinhole nd were visile on sreen ehindD the ems lso overlpped in the pE prtus when the mirror ws removedF sn prtieD (rst one of the lsers ws foused nd overlpped with the moleulr em in the middle of the ions optiF hen the other lser ws overlpped spE tilly using the pinholeF vstly the (rst em ws defolized or its power dettenutedD s to miniE mize pump onlyGproe only signlF yn exiting the pprtus the pump lser is redireted vi mirE ror towrds n OceanOptics spetrometerF @see (gF SFRVA his ws used to routinely mesure remotely the pump wvelengths during time dely snsF ith the xye s the pump lserD the hnges in the setup re illustrted in (gF SFRWF he proe lser @VHH nmD red lineA now uses the pth of the PTT nm pump lser in the PTTGVHH@RHHA nm setupF he xye pump lser @green lineA rrives from the other sideD psses (xed SHH mm lensD the remote ontrolled shutter nd is re)eted y mirror into the min hmerF he proedure for ligning the lsers onto the moleulr em nd their sptil overlp is the sme s with PTT nm s pump lser nd VHH nm s proeF he pump lser spetrum is gin mesured using n yen yptis spetromeE terF IIT grei SF iiswixev i he llyl rdilD with its three ron tomsD one doule ond nd rdil enterD is the smllest moE leule to show the phenomen of resonne stiE liztion @see (gFTFID topAF xumerous studies were thus rried out on this enhmrk system [148157] D inluding pumpEproe experiments [154] D mn speE trosopy [152,153] nd severl theoretil investigE tions [149151] F he llyl rdil is n importnt intermedite in omustion proesses [158160] D nd hs lso een postulted s rrier of di'use inE terstellr nds [161] F sts simplest derivtives re the methylllyl rdE ilsD where hydrogen tom hs een repled y methyl group in either IEposition @IEmethylllyl or IEweD see (gF TFID middleA or in PEposition @PE methylllyl rdil or PEweD see (gF TFID ottomAF hese derivtives hve lso een identi(ed s omE ustion intermedites [162] D espeilly in the omE ustion hemistry of iofuelsD whih often ontin rnhed or nonErnhed unsturted ftty id esters [163,164] F he PEwe rdil n e onsidered to hve the sme symmetry s the llyl rdilX ent with g 2v symmetry [148] F his is espeilly true t higher IPI TFIF ei yp uxyvihqi temperturesD where the methyl group n rotte freelyF ytherwise it hs g s symmetryF he IEwe rdil hs two stereoisomersX @iAE nd @AEIEwe @see (gF TFPAF Ab initio wy lultions showed tht the @iAEisomer is HFIQEHFIS e lower in energy thn the @AEisomer [165] F foth methylllyl rdils were (rst oserved IWTV y gller et lF [157] D who mesured their sorption spetr in the gs phseD showing severl trnsitions from the ground 2 e 2 to higher lying 2 f 2 sttesF vooking t the exited sttes of the 2-MA radical in detil @summrized in tle TFI nd (gF TFQAD it hs een postulted tht ll sttes higher thn the e 2 f 1 possess yderg hrter [150] oserved t PTHFSS nm y rudgens et lF [167] nd y ghen et lF [166] using multiphoton ioniztion spetrosopyF eprt from lulting the seven lowestE lying sttes using wgsD ghen et lF lso oserved the g@I 2 f 2 A ← @I 2 e 1 A nd the i@P 2 e 2 A ←@I 2 e 1 AE trnsitionsF he Qs nd QpEyderg sttes of the PEwe were exmined in more detil using iws spetrosopy y qsser et lF [168] D who oserved more thn QH virtionl levels of the Qs yderg stteF hey showed in nother experiment [170] tht fter eletroni exittion t PSV nmD n hydrogen tom is ejeted isotropillyD in greement with stE tistil theoriesF wore reently rerterih et lF [171] exmined the dynmis of f 2 e 1 of the PEwe usE ing tunle ps lserD showing monoEexponentil dey of IR ps for the H 0 origin nd fster monoE exponentil deys for the vironi trnsitions of the fEstte to the ground stte vi n internl onE version @sgAF IPP grei TF wirvevvv ehsgev stte energyGe wvelengthGnm @I 2 e 2 A e@I 2 f 1 A @theoA [166] QFHV RHPFSS Qs f 2 e 1 yderg [166168] RFUT PTHFSS g@I 2 f 2 A [166] RFUV PSWFHW i@P 2 e 2 A [166] RFVHU PSUFVV h@P 2 f 2 AG p@Q 2 f 2 A [166] SFHVESFQW PRQFWEPPWFW xFeF [157,169] SFITGSFIS PRHFPGPRHFT Qp z nd Qp x yderg [168] SFIU PQWFS xFeF [157] SFPH PQVFS xFeF [157] SFPS PQTFH +1 e 1 UFVV ISU e +3 e WFVS IPT es for the eletroni sttes of the 1-MA radical @summrized in tle TFPAD gller et lF [157] meE sured V quite rod nd di'use nds etween PPT nd PQV nmF rrnt et lF postulted sed on the virtionl spetrum of IEwe nd previously reE ported virtionl spetr of the PEwe rdil [172] tht its exited stte dynmis should di'er signi(E ntly from its isomer PEwe [173] F qsser et lF [174] exited it with RIS nm in its lowestEexited stteD nd deteted the loss of n hydrogen tomF his result ws explined s sttistil nonErditive dey followed y n rEloss in the ground eletroni stteF IPQ TFIF ei yp uxyvihqi es for the ditiGvertil ioniztion energies of oth methylllyl rdilsD they were (rst determined using photoeletron spetrosopy y hultz et lF [175] in IWVR @IEwe @UFRW ± HFHP G UFTU ± HFHP eA nd PE we @UFWH ± HFHP G UFWS ± HFHP eAAF sing threshold photoeletron spetrosopy the vlues for the diE ti ioniztion energies were re(ned y our group to UFRV ± HFHI @IEiEmethylllylAD UFSW ± HFHI @IEE methylllylA nd UFVV ± HFHI @PEmethylllylA [137] F stte energyGe wvelengthGnm e [174] PFWQe RIS nm xFeF [157] SFPI PQUFV xFeF [157] SFPS PQTFH xFeF [157] SFPV PQRFW xFeF [157] SFQP PQQFP si@iA [137] UFRV ITSFV si@A [137] UFSW ITQFR o extend the lredy existing work on the exitedE stte dynmis of oth IEwe nd PEweD we exmE ined them using fs pumpEproe spetrosopyD with mss spetr nd photoeletron spetr s the deE tetion methodsF foth rdils were exited into the mxim of the sorption nds mesured y gller et lF [157] D nd for PEwe the interprettion ws supported y nonEditi dynmi on the )y lultions rried out y uF ssslerD F witri¢ nd tF etersen [147,176] F IPR grei TF wirvevvv ehsgev 6.2 Experimental foth rdils were exmined in ly using the i he freshly synthesized preursors were ler lue liquidsD fter some time the olor hnged to green nd (nlly to yellowD indiE ting deteriortion of the preursorF soure for liquids @see hpter SFI nd SFRAF hey were produed vi pyrolysis from their nitrite preE ursors @see (gF TFTAD their synthesis is desried in the ppendixF yrolysis of PEmethylEQEutenEIE nitrite produes only the PEmethylllyl rdil @mGzaSSD see (gF TFRAF xote tht no preursor is visile neither with pyrolysis o' nor onD whih hs lredy een oserved in previous experiments on the methylllyl rdils [177] F yrolysis of @zAEQEentenEIEylEnitrite lso shows mGzaQH @xy or formldehydeA eside the dominnt IEweEpek @mGzaSSD (gF TFSAD ut no preursor is visile without pyrolysisF he experimentl ondiE tions for oth moleules re summrized in tle TFQF foth the PEwe nd IEwe rdil were exited to the mxim of their respetive sorption spetr [157] D for PEwe t PRHFTD PQVFH nd PQTFH nmD for IEwe t PQVFH nmF he pump lser ws produed using the xye setup @see hpter SFRFPFQAD oth moleules were proed using VHH nm multiphoton ioniztionF e pumpEproe signl with RHH nm proe ws not oserved neither for the PEwe nor for the IEweF he xye ws foused slightly using UHH mm lensY the VHH nm proe lser ws foused using SHH mm lensF he fol points were djusted s to minimize pump onlyGproe only ioniztionF huring eh sn the signl of pump onlyGproe only ws reorded utomtilly nd sutrted from the pumpGproe signlD resulting in seline with zero intensity efore the pumpEproe signlF he slight distortion of the photoeletron imges due to slightly mgnetized gp )nge round the photoE eletron )ight tue ws orreted y softwre eE fore inversionF he photoeletron spetr were inE verted using the pfsex lgorithm implemented in the Analyse EprogrmF he polriztion of the pump in respet to the proe lser ws vried during meE surements etween horizontl nd prllelF xo roE ttionl nisotropy ould e oserved @see (gF TFU for PRHFT nm proeAD the rottionl men of the oE tined dt ws therefore nlyzedF heys were IPT grei TF wirvevvv ehsgev (tted using the proedure desried in hpter IQD ll unertinties plotted orrespond to (tting unE ertintiesF IPV grei TF wirvevvv ehsgev por PQTFH nm pump wvelength the dey is onsidE erly shorter @τ 2 a IFS psAF his is visile diretly in the rw dtD where t R ps the signl in (gF TFW A hs returned to the selineD whih is not the se for PRHFT nd PQVFH nm pump wvelengths @(gF TFWE nd EAF he pump lser spetr for PRHFT nd PQVFH nm overlp slightly on strong nd @see (gF TFVAD ut overll ll three spetr exite di'erent ndsF he lk to silver lines in the kground orrespond to the position of the sorption nds mesured y gller et lF [157] D orrelted with their reltive E sorption strengths from very strong @lkA to wek @silverAF sn the timeEresolved mss spetr only the methyE lllyl signl mGzaSS ws oservedD onsequently photoeletron spetr should give more informtion out the underlying proessesF IPW TFQF PEwirvevvv Photoelectron inversion he photoeletron imges were inverted using the pfsex lgorithm implemented in the Analyse EproE grmF ine the Gx rtio ws quite low for ll mesurementsD the mxintropy method @see hpE ter RFQA ws dministered on the series s wellF his method ws pplied reently to veloity mp imgE ing y fF hikD nd should perform etter thn pfsex for noisy dt [109] F his method ws pE plied in the imges in ddition to the pfsex lE gorithmF foth methods will e ompred in the followingF he progrm wiiviIFIFexe nd pPFexe provided y fF hik were used to invert the imges with the mxintropy method [178] F sn (gF TFIH the PhEi for mxintropy @A nd pfsex @A re plottedF No t was possible with the IRF as a t parameter, the IRF was therefore held constant to the value issued out of a mono-exponential t.

he mxintropy Ph mp is smoother thn pfE sex Ph mpD just s is the photoeletron spetrum summed over ll times @left pnel for oth (guresAF foth photoeletron spetr show the sme nd strutureX two lrgeD overlpping nds etween IFSSEHFV e nd HFVEHFPS eF he photoeletron spetr re omprle for oth methodsD ut the mxintropy method results in less noisy spetrF he timeEdepent photoeleE tron signl @upper pnel for oth (guresAD howeverD IQI TFQF PEwirvevvv shows ler di'ereneF ith the pfsex method the oserved timeEonstnts re longer thn for the mxintropy methodF he timeEresolved photoeletron spetr for PRHFT nmD PQVFH nm nd PQTFH nm re shown in (gF TFIP AD A nd A respetivelyF he dey of the toE tl photoeletron signl @upper pnelA is well reproE dued using iEexponentil (tF he timeEonstnts of the timeEresolved photoeletron spetr for ll three wvelengths re summrized in tle TFRF he sp is di'erent from one i experE iment to nother @just s it ws the se for the timeEresolved mss spetrAF he reson for this is the sme for othX the xye hd to e newly deys t the di'erent pump wvelengths re omE predF he deys t PRHFT nd PQVFH nm re nerly the smeD wheres for PQTFH nm it is muh shorterF heir orresponding spetr of the pump lserD plotted s qussin with the expeted vlue @vlue t the mximumA nd the prw verged over the photoeletron spetr re the sme s for the mss spetr @see (gF TFIRAF IQS TFQF PEwirvevvv he photoeletron spetr summed over ll times @left pnels in (gF TFIPA show the sme twoEnd struture for ll three pump wvelengths @see (gF TFISAD though not s lerly distinguishle for PQVFH nm due to the inferior Gx rtioF his indites tht the sme exited stte is pumped with ll three wvelengthsF he ttriution of the nd struture is not eviE dent t (rst glneF hey do not orrespond to virtions in the tion [137] F sonizing in the (rst exited triplet stte in the tion e + 3 e t WFVS e would orrespond to HFHS e nd IFT e in ICQ9 nd ICR9 proess respetivelyF ynly the eletrons with low kineti energy ould orrespond ioniztion in the (rst exited triplet stteD the nd struture n not e ttriuted to this stteF ine the nd struture neither origintes from the initlly exited stte nor from the tionD it omes from intermediE te resonnes in the proe stepF hese intermedite resonnes re often ydE erg sttesD nd the resulting spetr re lled yderg (ngerprint spetrF hese yderg (ngerE IQT grei TF wirvevvv ehsgev print spetr n help identify moleule [179181] F yderg sttes re di'use sttes whih derive from the eletroni sttes of the hydrogen tomF heir position is determined ording to IVHX i electron a i probe ! y @n ! δA 2 @TFIA where y is the yderg onstnt @IQFTHT eAD n the prinipl quntum numer nd δ the quntum defetF por sEoritls the quntum defet is lose to ID for pEoritls etween HFQEHFSD nd smller thn HFI for dE nd higher oritlsF yderg (ngerprint spetr hve een oserved efore in timeEresolved photoeletron spetrosopy [182184] F he oserved nd struture oinides with n sEyderg stte @see (gF TFISAF essuming pE yderg stte does not reprodue the pek t HFU e in (gF TFISF he resonnt ryderg sttes re rehed y exiting the initilly exited stte with two photonsD therefore the initil stte hs either sEyderg or dEyderg hrterF Comparison of photoelectron and mass decays por the (rst timeEonstnt no ler trend is visiE leD neither in the timeEresolved photoeletron nor in the timeEresolved mss spetrF hey lso don9t oinide for di'erent experiments using the sme pump wvelengthD like for exmple for PRHFT nm IHH ± SP fs re otined for τ 1 in the timeEresolved mss spetrD ut PIH ± SR fs for the timeEresolved photoeletron spetrF his is not surprisingD sine the (rst timeEonstntD (tted on only few pointsD is shorter thn the spD nd n therefore only e deE IQU TFQF PEwirvevvv A A Figure 6.16: Decays of mass/PE spectra tted together for a) 240.6 nm pump and b) 236.0 nm pump. On the left is tted the time-resolved mass spectra, on the right the time-resolved photoelectron signal.

IQV grei TF wirvevvv ehsgev termined pproximtelyF st is lso highly dependnt on the GxErtioF τ 2 is muh more similr etween photoeletron nd mss spetr deysF o on(rm tht this is not rel di'ereneD the normlized photoeletron nd mss spetr dey were (tted using the sme (t onstnts @for PRHFT nm see (gF TFITAF foth deys re well reprodued with iEexponentil dey using the sme timeE onstntsF por PRHFT nm τ 1 a IRI ± RQ fs nd τ 2 a RFH ± HFP ps re otinedD for PQTFH nm the (rst timeEonstnt τ 1 a IHR ± IW fs is with very similr to PRHFT nmD ut the seond timeEonstnt is with IFS ± HFI ps onsiderly shorterF gonsequently we didn9t oserve di'erene etween timeEresolved mss spetr nd timeEresolved photoeletron speE trD oth n e well reprodued using the sme (t onstntsF Photoelectron anisotropy he photoeletron imges show positive nisotropy @see in (gF TFIUAF his is in greement with n sE yderg oritlF lotting the nisotropy s PhE mp @ 0 G 2 D s ws done eFgF for the enzyl rdiE lD see hpter UFIA leds to mny vlues whih re not in EIDP E rnge @see (gF TFIVAF his is due to the not good enough Gx rtioD whih uses the nisotropy vlues to divergeF herefore the verge of the nd from IFI to IFS e ws used to deterE mine the nisotropy @sum@ 0 AGsum@ 2 AAD plotted in (gF TFIWF fefore the pumpEpulseD the unertinty is very high @no signlA nd β is lose to zeroF efter the pumpEproe signl the photoeletron nisotropy is onstnt t CIFSD the unertinties strt to inrese gin with deresing totl signl intensityF IQW TFQF PEwirvevvv o interpret the experimentl resultsD the group of F witri¢ performed nonEditi dynmi on the )y lultionsF

Theoretical methods and results

ell lultions on the PEwe re the work of the group of F witri¢D spei(lly of F witri¢D tF eE tersenD wF ohlgemuth nd uF sssler [147] D who lso disussed these lultions in detil in his heE lors thesis [176] F Electronic absorption spectrum 

@R • IH 3 A SFHI @HFHA SFRW @HFPHA SFUQ @HFHPA SFVQ @HFHA
ehg@PA RFHR @HFHIA SFPU @HFHA SFTH @HFPHA SFWR @HFHPA TFHT @HFHA exp PFWV [174] RFUT [167] SFPI [169] ompred the more ext methods equation of motion coupled cluster with single and double excitation @iywEgghA [185,186] nd algebraic diagrammatic construction through second order ehg@PA [187189] to the more timeEe0ient time-dependent density functional theory @hhpA [190] method lulted with di'erent sis sets nd funtionlsF he exE ited sttes were lulted strting from the optiE mized ground stteD for iywEggh nd ehg@PA this ws the coupled cluster with single and dou-IRI TFQF PEwirvevvv ble excitation @gghA [191,192] optimized ground stte using the turomole [193] progrm pkgeD for hhp the ground sttes were optimized usE ing the respetive funtionl nd sis set with the qussinHW [194] progrm pkgeF he funtionE ls gewEfQv [195] D ωfWUh [196] with the sis set TEQIICCq [197] nd the lrger sis set ugEE ph [198,199] were used in the hhp lulE tionsF he exited sttes for the di'erent methods re ompred in tle TFSF ell di'erent methods show the sme energeti order of the exited sttesF he (rst exited stte h 1 t QFRVERFHR e shows little osilltor strength nd is ttriuted to the e nd @PFWV eD RIS nmA mesured y qsser et lF [174] F he seond exited stte is of yderg sEhrterD drk stte for oneEphoton proessD nd hs een mesured y qsser et lF [168] F h 3 is the rightE est stte of the (rst (ve exited sttesD nd hs pEyderg hrterF he other two higherElying pEyderg sttes re drkF he h 3 is ttriuted to the nd round SFPI e [157,166,168] F he eletroni hrter nd the reltive orderE ing of the eletroni sttes is omprle for ll employed methodsF sn (gF TFPH the simulted E sorption spetrum with @gewEfQvGTEQIICCqD lue lineA is ompred to the experimentl spetr mesured y xkshim et lF [169] F he simuE lted spetrum is shifted slightly to higher energies thn the experimentl oneD ut the shpe of the h 3 Gh 4 Gh 5 nd is very well reproduedF yverll the simulted sorption spetrum nd the experiE mentl sorption spetrum re in exellent greeE mentF ine gewEfQv showed for oth sis sets omprle resultsD nd is in etter greement with IRP grei TF wirvevvv ehsgev the iywEggh nd ehg@PA lultions thn ωfWUhD gewEfQv with the smller sis set TEQIICCq ws used for the susequent nonEditi dynmis on the )y lultionsF sing the other methods iywEggh nd ehg@PA would hve een too timeEexpensiveF Non-adiabatic dynamics on the y xonEditi dynmis on the )y lultions used the eld-induced surface hopping @psrA [200] sntertion with lser @ 1 in (gF TFPIAX he inE tertion of the geometry in the ground stte @nd in the exited stteA with lser is expliE itly inludedD nd desried with (eldEindued surfe hopping inluding nonEditi dynmis [200,201] F he lser (eld hs erE tin energyD intensity nd temporl length @in (gF TFPI this is indited s the gry pulse enE velopeAF he energy of the lser orresponds to the exittion energy of given eletroni stteD in (gF TFPI from the ground stte @lkA to the exited stte @redAF his hs the dvnE tge E ompred to just letting the dynmis strt diretly in the exited stte E tht di'erE ent exited sttes for di'erent strting geomeE tries n e populted during the intertion with the lser (eldF por the PEwe the eletroni trnsition dipole moments nd slr nonEditi ouplings were lulted s desried in PHP!PHRY the lser (eld pulse envelope hd prw of IHH fs with n energy of SFQRT e @orresponding to the omputed h 0 → h 3 trnsitionA nd pek intensity of IFRBIH 10 Gm 2 F he lserE (eld is treted lssillyF he eletri dipole ouplings @the intertion of the moleule with the lser (eldA were lulted y solving the timeEdependent hrödinger eqution in the IRR grei TF wirvevvv ehsgev mnifold of the eletroni ground nd (rst (ve exited sttesF ivolution @ 2 in (gF TFPIAX he system evolves during nd fter the lser pulseF he dynmE is of the nulei re desried using lssil mehnis @xewtonin equtionsAF he dyE nmis of the eletron is desried using qunE tum mehnis y solving the timeEdependent hrödinger eqution in the mnifold of the eletroni ground stte nd the exited sttesF he potentil surfes re thus not lulted ompletely ut 9on the )y9D mening only in the viinity of the geometry de(ned y the dynmis of the nulei @hene the nme of the methodAF por PEwe the newton equtions were integrted using the veloity erlet lgorithm [205] with timeEstep of HFP fsF he (rst (ve exited sttes were tken into ount for the dynmi of the eletronF he integrtion of the timeE dependent hrödinger eqution employed the fourth order unge uutt proedure with time step of PxIH -5 fsF 9ropping9 etween exited sttes @@ 3 in (gF TFPIAX et every timeEstepD proility for trnsition to nother eletroni stte is luE ltedF sf the eletroni sttes re loser toE gether @eFgF ner onil intersetionA this proility will nturlly e higherF he trnE sition is treted sttistilly [206] D symolized y the die in (gF TFPIF hese surfeEhopping proilities re lulted from the timeEdeE pendent eletroni stte popultions @whih re in turn lulted y solving the timeE dependent hrödinger equtionAF IRS TFQF PEwirvevvv ine hopping inorportes sttistil pprohD drwing meningful onlusion implies interE prettion of severl trjetoriesY the evolution of the popultion in given eletroni stte needs to e nlyzedF por n esy omprison with exE perimentl dt the timeEresolved photoeletron spetrl intensities nd nisotropies were luE lted just s detiled in PHU for ll trjetoriesF st should e noted tht the proe lser in this simultion is pproximted s oneEphoton trnE sition with i photon aQBIFSSaRFTS eF he hyson oritls neessry for this method were luE lted for the PEwe using hhp @fQv [208211] GTEQIICCqBB [197] AF sn (gF TFPP the evolution of the eletroni stte popE ultions for the PEwe is shownF he gry shpe in the kground orresponds to the lser pulse enE velopeF he simultion strts t EIHH fsD where ll moleules re found in the ground stte h 0 @lk lineAF hen the lser strts to intert with the moleulesD nd we see depopultion of the ground stte nd exittion into the h 3 @pEydergA stte @lue lineAF i h 3 the two loseElying pEyderg sttes h 4 nd h 5 re populted s wellD the popuE ltion trnsfer is oservedF he h 3 nd the higherE lying pEyderg sttes relx nonEditilly in the (rst IHH fsD so lredy during the durtion of the lser pulse in the h 2 @sEydergA stteF his reE lxtion is lmost omplete t the end of the lser pulseF prom the h 2 Estte it relxes more slowly vi the h 1 Estte in the ground stteF et the end of the SHH fs propgtion time the popultion of the ground stte is restored to vlue of ¬TH7D wheres t the time of mximum (eld intensity it ws round QH7F hen the moleules rrive in the ground stteD they IRT grei TF wirvevvv ehsgev re virtionlly highly exitedF his leds in some ses to frgmenttion @hydrogen loss or gEg ond rekingA s well s to ylistionF he loss of n hydrogen fter exittion into the pEyderg stte hs een oserved y qsser et lF [170] D n oE servtion whih is reprodued in the simultionsF st should e noted tht uF sssler lulted in his helor9s thesis pure surfeEhopping for PEweD mening tht ll trjetories strt diretly in the exited stteY the intertion etween the moleule nd the lser (eld is not tken into diret onsidE ertionF he trjetories were strted from the h 3 nd lso from the h 5 stteD nd showed the sme ehviorF hen the lultion is strted in the h 5 EstteD fst relxtion vi the h 4 into the h 3 stte is oserved [176] F IRU TFQF PEwirvevvv sn summryD the following mehnism is postultedX 

Comparison between experimental and theoretical results

o hek whether the lultion pture the esE sentil fetures of the experimentD the experimentl oservles were omputed nd ompredF sn the simultion oneEphoton ioniztion @RFTS eA ws ssumedD wheres in the experiment the ioniztion involves three VHH nm @QBIFSS eA photons involvE ing yderg resonnesF he preise shpe of the photoeletron spetr is therefore not omprleF he totl photoeletron signl dependsD howE everD only on the totl energy of the ioniztion proE essF he omprison of the psr totl photoeleE tron signl dey with the experimentl dey for PQTFH nm is shown in (gF TFPRF he experimentl urve @lue dotsA is well reprodued y the simuE lted one @red linesAF he dey in intensity orreE sponds to the relxtion from the h 2 Estte to the lowerElying h 1 EstteF IRV grei TF wirvevvv ehsgev enother experimentl oservle is the photoeleE tron nisotropyD whih gives n insight into the hrE ter of the involved eletroni sttesF he luE lted ioniztion mehnism @oneEphoton ioniztionA nd the experimentl ioniztion mehnism @threeE photon ioniztionA re di'erentF fut the ioniztion from n sEyderg stte psses vi pEyderg stte to sE or dEyderg stte resonneD from whih is (nlly ionized with the lst photonF es n e seen in (g RFIPD n ioniztion from QpEyderg oritl in the rnge IFI EIFS e leds to high et prmeterF he experimentl proe sheme my resonly e the sme for higher quntum numersF st n therefore e regrded s oneE photon ioniztion from pEyderg stteD nd the omputed @red lineA nd experimentl @lue dotsA nisotropy vlues @β 2 A re ompred in (gF TFPS for pump wvelength of PQTFH nmF he simulted et is positive nd with vlue of IFV very lose to PD re)eting the Qs yderg oritl hrter of h 2 D whih is populted very quikly from the initilly exited h 3 stte with Qp hrE terF he experimentl points efore taH hve lrge unertinty @low totl signlA nd should not e onsideredF his lrge unertinty is even etter visile in (gF TFIWD where more points efore taH is plottedF efter taH the experimentl unertinty eomes smllD nd β 2 is highly positiveD round IFSF his is lso the se when exited with PRHFT nmD showing tht in oth ses we pss vi the sme exited sttesF

Conclusion for 2-MA

he omputed detivtion mehnism is in exelE lent greement with the oserved experimentl dtF sn the photoeletron spetrum n sEyderg (ngerE print spetrum is oservedD moreoverD the highly positive nisotropy β 2 D hrteristi for sEyderg oritlD is well reprodued y the simultionF he (rst of the two experimentl oserved timeEonstnts is ttriuted to the relxtion of three pEyderg ISH grei TF wirvevvv ehsgev sttes @h 3 D h 4 D h 5 A to the h 2 Estte on the order of SHEISH fsD wheres the seond oserved timeE onstnt is ttriuted to the relxtion of the Qs yderg stte h 2 towrds the (rst exited stte e 2 f 1 of PEmethyl llyl rdilD to (nlly rrive in the ground stteF his relxtion from the h 2 to h 1 Estte elE ertes when more energy is deposited into the iniE til exited stte @from PRHFT nm to PQTFH nmAD the initil wveEpket n reh fster the onil inE tersetion to the h 1 EstteF ISI TFRF IEwirvevvv E iv exh hsgsyx

1-Methylallyl -results and Discussion

heres the exited sttes of the PEwe show n inE teresting dynmiD this ws E just s postulted y rrnt et lF E di'erent for IEwe [173] F he evoluE tion of the mss spetr signl of IEwe @mGzaSSA is displyed in (gF TFPTF he oserved signl is qussinEshped nd n e reprodued using prw of PRP ± V fsF his utoorreltion vlue is not surprising nd similr vlues @onsidering the experimentl unertintyA were otined with the phenyl rdil @see hpE ter IIFQAD mesured previously to the IEwe using the sme setupF he xyGgr 2 y t mGzaQH lso showed only utoorreltionD ut the signl ws lot weker nd noisier @PVW ± IW fsAF xo shift eE tween those two signls ws oservedF he i displyed in (gF TFPU shows only one pek t HFRQI e @left grphAF he temporl evolution of this pekD s displyed in the upper grph in (gF TFPUD shows only utoorreltion with prw of PVP±IR fsD in greement with the timeE resolved mss spetrF hiret ioniztion into the tioni ground stte with PQVFH nm gives n ionE ISP grei TF wirvevvv ehsgev iztion limit of HFVQU e nd HFUPU e for the @iAE nd @AEIEwe respetivelyF xo pek is oserved in tht regionF ixiting virtion in the tion is unE likelyD sine then tioni ground stte should lso e visile in the photoeletron spetrumF ossily we lso exite ydergEstteD ut the dynmi is too fst for us to resolveF he enzyl rdil is the simplest rdil stilized y n romti system @see (gF UFIAF his omusE tion intermedite n e formed y simple hydroE gen strtion from tolueneD n importnt omE ponent in fuels with ntiEknok propertiesF yther possile toluene omustion produts re the tolyl rdil @hydrogen strtion from the ringA nd the phenyl rdil @methyl strtionAF he enE zyl rdil isD howeverD the dominnt produt omE pred to the other two [213215] F es the min reE tion produt of isoprene with g 2 [216] D oth omE nipresent in )mes nd in the interstellr mediumD it plys key role in omustion proesses [217219] F he enzyl rdil is stilized y the romti ring vi delolizionD s shown y the experimenE tlly mesured spin density of only HFUEHFV on the methylene groupF he remining spin density is found on the ortho nd pr positions of the ringF gonsequently the enzyl rdil is plnr nd hs g 2v Esymmetry [220,221] F he romti resonne stility is lso re)eted in its het of formtion @∆ f r 298 K a RWFU ± HFT klGmol [222] AD whih is out IS klGmol lower thn for its isomer tropyl @∆ f r 298 K a TRFU klGmol [223] PFUV RRS @P 2 e 2 A [228,229] RFHH QIH @Q 2 f 2 A [230232] RFUT PTH @R 2 f 2 A [229,232] RFVT PSS yderg [229] SFR PPW everl eletroni sttes of the rdil nd its tion hve een identi(ed nd hrterized @summrized in tle UFI nd (gF UFPAF he vironi spetrum of the rdil [235] nd of the tion [236] in their eletroni ground sttes re in exellent greement with plnr strutures lulted with fQvF he enzyl rdil )uoreses etween RHH nd THH nmD showing strutured spetrumD whih ws ttriuted fter lot of disussion [237] to virtions of the I 2 e 2 Estte [224226] F ottionl onstnts of the T 0 1 nd T 0 1 vironi nds from this stte (t well with n ssymetri top model [227] F he I 2 e 2 Estte is lso strongly oupled to the P 2 f 2 Estte [238] D oth re nerly isoenergetiF wo strething modes re mjorly responsile for this ouplingX n inEplne skeletl deformtion nd n inEplne skeletl plus IST grei UF g 7 r 7 sywi ggr ending motionD oth 1 Esymmetri [239,240] F he enzyl rdil sors strongly etween QIH nd PPH nmD showing severl peks with mxiE mum t PSS nmF his ws ttriuted to the hEstteD to whih the R 2 f 2 Esymmetry ws ssigned [229] his hEstte deys fter exittion with PSS nm in ISH ± QH fs [241] D exmined using time reE solved mss spetrometry in n PSSCPVH nm exiE ttion shemeF he R 2 f 2 Estte n lso dissoite nd eliminte n rEtomD whih ws exmined with highEn yderg tom timeEofE)ight @rypA speE trosopyF he nerly isotropi @i T A distriutions indite the prodution of fulvenlleneD most likely vi n unimoleulr deomposition in the ground stte fter internl onversion [242] F he diti nd vertil ioniztion energy oE inide for this moleule nd were (rst determined IWUT y uoenig et lF [243] using photoeletron speE trosopy @UFRQ ± HFHT eAF his vlue ws orreted two yers lter y roule nd feuhmp [244] @UFPH± HFHP eA nd re(ned further y iiden et lF [245] @UFPRWI ± HFHHHT eA using threshold photoionizE tionF sn PHISD using threshold photoeletron speE trosopyD vee et lF on(rmed not only the diE ti ioniztion energy @UFPSP@PA eAD ut they lso oserved trnsition to t lest three eletroni sttes of the enzylium tion [233] F hespite its importne s omustion intermeE diteD the dynmis of the enzyl rdil re still not well understoodF herefore we exmined it usE ing femtoseond pumpEproe mss nd photoeleE tron spetrosopy with PTS nm s the pump nd UWVGQWV nm s the proe pulseF hese experiments were omplemented with nonEditi dynmi on the )y lultionsD leding to ressignement of the eletroni sttesF ISU UFIF fixv ehsgev 7.1.2 Experimental conditions and data treatment he fsEsetup in ly ws desried previously in setion SFRF he enzyl rdil ws produed vi pyrolysis @see hpter SFPA using the soure for liqE uids with low oiling points @see hpter SFIA nd rgon t P r solute pressure s rrier gsF henylethylnitrite ws the preursor of the enzyl rdilD the synthesis is desried in the ppendix IPF nder pyrolysis the liphti gEg ond nd the yEx ond in phenylethylnitrite re levedD produE ing the enzyl rdilD xy nd formldehyde @see (gF UFQAF gonsequently the rottionl men re nlyzed in the followingF he signls pump onlyGproe only were mesured t rndom during the sn using the remote shuttersF hese signls were removed from the mss spetrGi deys fter dt tretmentD leding to zero selineF he photoeletron speE tr were inverted using the pfsex lgorithm using 0 2 vegendre polynomil s implemented in the Analyse EprogrmD the ontriution of higher polyE nomils ws negligileF he deys were (tted usE ing the (t progrm whose proedure is desried in hpter IQF he unertinties shown in the (gures orrespond to the (t unertinties nd not to experE imentl unertintiesD whih hve to e estimted higherF

+ ¹e 1 [233] UFPSP +3 f 2 [233] WFIVH e +1 f 2 [233] WFTP +3 e 1 [233, 234] WFTW f +1 e 2 IIFP

Experimental results

Pyrolysis conditions

es n e seen in (gF UFS the rdil is produed lenly y pyrolysisF ell mesured peks re shrpD inditing tht no dissoitive photoioniztion of the preursor oursF ISW UFIF fixv ehsgev ith UWV nm @(gF UFSEA more sideEproduts re visile thn with QWV nm proeF he mss mGza TS orresponds to g 5 r 5 @ylopentdienylAD typiE A A l omustion produt of romti ompounds [9] D wheres the mss mGz aRH orresponds g 3 r 4 D nE other omustion sideEprodut @see (gF UFSEAF he ontrst etween pyrolysis on nd o' is exE ellentD so timeEresolved photoeletron spetr were reorded in ddition to timeEresolved mss spetrF Time-resolved mass spectra sn (gF UFT the temporl evolution of the enzyl signl mGzaWI @ A nd the mGzaTS @ A for PTS nm pump nd UWV nm proe @A nd QWV nm proe @A re displyedF he dey of the enzyl signl with UWV nm proe is well reprodued using iE exponentil dey @τ 1 a VQ ± V fsD τ 2 a IFTV ± HFIT psA with n sp of IPH ± S fsF he dey of ylopentdienyl is quite di'erent from the enzyl dey nd n e djusted reE sonly well with monoEexponentil dey @τ 1 a IFTS ± HFIP psD sp a VV ± IU fsAF he ylopenE tdienyl rdil signl is out PS times weker thn the enzyl rdil signl nd the Gx rtio is lrgely inferiorD whih is the most prole soure of the di'erent spF wore photons re involved in ionizing ylopentdienyl @siaVFRI [246] D t lest ICQ9AD whih lso leds to shorter spF gonseE quently its timeEdey ws not investigted in deE tilF he time zero of the pumpEproe signl is the sme in oth sesD inditing tht this mss is pyrolysis produt nd not photodissoition produt of the enzyl rdilF ith QWV nm proe no seond timeEonstnt is visileD the dey n e well reprodued using monoEexponentil dey @τ 1 a VU ± S fsA with n ITH grei UF g 7 r 7 sywi sp of IPV±S fsF he slightly longer sp is not surE prisingD sine the QWV nm proe pulse is produed y douling the fundmentl output of the iXphire lserD whih leds to slight temporl extensionF he ylopentdienyl rdil signl shows gin monoEexponentil dey @τ 1 a RWW ± SS fsD sp a IHQ±PT fsAD IQ times weker thn the enzyl rdil signlD extremely noisy nd lso shorterF egin the time zero of oth the enzyl nd the mGzaTS signl is the smeD inditing tht this mss is produed vi pyrolysisF A A ther orrespond to yderg (ngerprint spetrum @see setion TFQFI for detils on yderg (ngerprint spetrA nor to virtions in the tion or exited sttes of the tion @see (gF UFVAF e pEyderg (ngerprint spetrum @gry linesD δaHFSA oinides with the peks t HFRS nd HFV eD ut ssigning yderg (ngerprint spetrum sed on two peks is ritrryF es for virtions in the tioni ground stte + 1 e 1 @light lue linesA only one pek oinidesD the pek t HFQ e is gin not reproduedF st lso does not orrespond to n exited tioni stteF he known exited tioni stte re the + 3 f 2 E@WFIV eA nd the e + 1 f 2 @WFTP eAEstte [233] D ionizle in ICQ9End ICR9Eproess with eletron kineti energy @eueA of HFIT e nd IFPU e respetivelyF xo prominent nds re oserved in tht regionF sn the upper pnel the whole photoeletron sigE nl is reprodued with iEexponentil dey @τ 1 a VQ ± T fsD τ 2 a IFQ ± HFP psA with n sp of IPI ± R fsD in good greement with the timeEonstnts oE served in the mss spetrF he riseEtime nd dey ITQ UFIF fixv ehsgev he deys of the nd entered t HFQ e nd of the nd entered t IFH e show di'erent temporl evolutions @see (gF UFIHAF he nd entered t IFH e is shifted towrds lter timesD nd the nd entered t HFQ e dereses more rpidly thn the higher energeti ndF foth timeEomponents nnot e seprted lenly sine the nds overlpD therefore the iEexponentil dey of the whole photoeletron spetrum is used for further disussionF he totl photoeletron deE y with UWV nm proe is well reprodued using iE exponentil dey @τ 1 a VQ ± T fsD τ 2 a IFQ ± HFP psA with n sp of IPI±R fsF he (rst timeEonstnt is identil with the one oserved in the mss spetrD ITS UFIF fixv ehsgev ut the seond timeEonstnt is slightly shorter in the photoeletron spetrF he (rst timeEonstnt is predominntely ttriuted to the nd entered t HFQ eD wheres the seond timeEonstnt orE responds to the growth of the seond omponent entered t IFH eF he i with QWV nm proe @see (gF UFIIA is quite di'erentF rere only one pek t eueaHFQ e is visileD orresponding to ICI9EproessF he di'erene to the ICI9 ioniztion limit HFPTP e @PIIQ m -1 A does not orrespond to ny virtion in the tionF xo signl from higherEorder proesses is visileF he dey of this pek is well reproE dued with monoEexponentil (t @upper tre in (gF UFIID τ 1 a WI ± S fsD sp a IPV ± T fsAD in exelE lent greement with the mss spetr nd is in the sme order of mgnitude s the (rst timeEonstnt with UWV nm proeF he timeEonstnts otined in the photeletron spetr nd mss spetr re slightly di'erent @see tle UFPAD ut this is only due to n unertinty in the (t itselfF his is est visile in (gF UFIP A nd AD where oth the photoeletron spetrum dey nd mss spetrum dey t mGzaWI re (tted simultneE ouslyD mening with the sme (t prmetersF foth signls were normlized prior to (ttingF he dey in oth photoeletron nd mss spetr is the smeF he timeEonstnts issued out of the (t for oth t the sme time will e tken for further disussion ITU UFIF fixv ehsgev nd omprison with the experimentl results @row ITV grei UF g 7 r 7 sywi

Comparison of photoelectron and mass spectra

ixperiment τ 1 Gfs τ 2 Gps sp Gfs PTSGUWV tof VQ ± V IFTV ± HFIT IPH ± S pe VQ ± T IFQ ± HFP IPI ± R oth VR ± S IFSS ± HFIP IPH ± I PTSGQWV tof VU ± S " IPV ± S pe WI ± S " IPV ± T oth VW ± S " IPV ± P Table 7.

Theoretical methods and results

Theoretical methods ell lultions were rried out y elexnder ruE meniuk from the witri¢ groupF re used severl methods inluding hhpD iywEggh nd gegp CwgsF hhp lultions with the fi [247] D fiH [248] D vg [249] EfiD fQv [208,209] D gewE fQv [195] nd ωfWUh [196] with the ugEEph sis set were performed using the qussin proE grm pkge [194] F he oritls of the tive spe of the enzyl rdil for the state-averaged complete active space SCF @eEgegpA lultions re displyed in (gF UFISF ITW UFIF fixv ehsgev he oupied vlene oritls onsist of the three πEoritls nd one πBEoritlD wheres the virtul spe onsists of the remining three unoupied πBEoritlsD sE nd three pEyderg oritlsF he sEyderg oritl is energetilly the lowest ydE erg oritlD followed y the p x E nd p z Eyderg oritlsF por the eEgegp lultions severl sis sets were employedD inluding the ugEEphD QE PI q nd TEQI qB sis setsD ugmented y funE tions optimized for the desription of the sE nd pEyderg sttesF hese were lulted ordE ing to the reipe y uufmnn et lF [250] D entered on the ron tom next to the gr 2 EgroupF sn the eEgegp lultions ll sttes were given equl weightsF trting from the properly reordered rp oritls s the initil guessD the on(gurtion oefE (ients nd oritls were optimized simultneouslyF ith wolpro9s onil progrm [251] the onil intersetions of the enzyl rdil were lulted nd optimizedD the prnkEgondon point served s the initil geometryF sntermedite geometries were linerly interpoltedF xonEditi dynmi on the )y lultions were performed with the gegp@UDVAG@TEQIqBD sE ydA methodF he geometry of the enzyl rdil t initil onditions ws derived from frequeny lultion from n optimized fiGTEQIICCqBB [197] strutureD whose norml modes were used to onE strut the igner distriution in the hrmoni pE proximtion t onstnt temperture of SH uF IHH trjetories lifted vertilly to the P 2 e 2 @ππBEstteA were propgted for I psD the initil onditions were smpled rndomly from the igner distriutionF he motion of the nulei on the urrent potentil surfe were desried with xewton9s equtions nd IUH grei UF g 7 r 7 sywi integrted with time step of HFI fsF he eleE troni mplitudes were integrted in the lol diE ti sis [252] with time step of R • IH 5 fsD nd were used to determine the hopping proiliE ties in n improved version [253] of ully9s hopping sheme [206] F he slr nonEditi ouplings were lulted from the wvefuntion overlp eE tween the onseutive time steps [254] F Electronic absorption spectrum tust s for the nonEditi dynmi lultions for the PEmethylllyl rdil @see hpter TAD the eletroni sttes need to e hrterized nd omputtionlly timeEe0ient method needs to e found tht still reprodues orretly the energeti order of the eletroni sttesF eEWEgegp@UDIIA C wgsG@ugEEphDsE DpEydA lultions ws the most ext method used nd its results re summrized in tle UFQF hese results re in exellent greement with preE vious experiments in the litertureF he (rst two exited sttesD h 1 @P 2 f 2 A nd h 2 E @ 2 e 2 A re nerly degenerteF hough the order of these two sttes ws disussed ontroversilly in the literture [259,260] D the lowest exited must e longElived sine it )uoreses [224226,259] F he exE perimentl oserved gEnd [257] t RFHT e is tE triuted to the h 3 @ 2 e 1 AEstteD the only energetE illy lose right eletroni stte t RFIT eF eE ording to the new lultionsD it hs sEyderg hrterF he gEnd is therefore just s the hE nd ressignedF rd [257] mesured the rovironi spetrum of the gEndD nd the inexistnt virE tionl progressions were ttriuted to smll geomE etry hnge etween the ground nd exited stte minimF he hEnd from RFU to SFI with mxiE IUI UFIF fixv ehsgev tte ymF i hominnt on(gF ixpF h 0 I 2 f 2 HFH HFWH× @π 1 A 2 @π 2 A 2 @π 3 A 2 @π 4 A 1 h 1 P 2 f 2 QFHV @Q • IH 3 A HFTR× @π 1 A 2 @π 2 A 1 @π 3 A 2 @π 4 A 2 e PFUPV [255] h 2 I 2 e 2 QFHW @HFHA HFTR× @π 1 A 2 @π 2 A 2 @π 3 A 2 @π * 5 A 1 f PFVVT [256] h 3

I 2 e 1 RFIT @PFS • IH 2 A HFWI× @π 1 A 2 @π 2 A 2 @π 3 A 2 @sA 1 g RFHT [257] 

h 4 P 2 e 1 RFTS @Q • IH 3 A HFWI× @π 1 A 2 @π 2 A 2 @π 3 A 2 @p z A 1                            h RFW [231] h 5 I 2 f 1 RFUP @HFHA HFWP× @π 1 A 2 @π 2 A 2 @π 3 A 2 @p x A 1 h 6 P 2 e 2 RFUS @HFPRA HFTR× @π 1 A 2 @π 2 A 2 @π 3 A 1 @π 4 A 2 h 7 Q 2 f 2 RFUT @HFIVA HFUW× @π 1 A 2 @π 2 A 2 @π 3 A 2 @p y A 1 h 8 R 2 f 2 RFVW @Q • IH 3 A HFTS× @π 1 A 2 @π 2 A 2 @π 3 A 1 @π 4 A 1 @π * 5 A 1 0
I 1 e 1 TFTI HFWQ × @π 1 A 2 @π 2 A 2 @π 3 A 2 + UFPR [258] Table 7.3: Excitation energies of the benzyl radical calculated with SA-9-CASSCF(7,11) + MRCI/(aug-cc-pVDZ,s-,p-Ryd), excitation and ionization energies in eV, oscillator strengths in brackets mum t RFW e [231] is ttriuted to the four exited sttes h 4 Eh 8 F he initilly exited stte with PTS hs either ππEhrter @ h 6 AD or is the p y Eyderg stte @h 7 AF h 6 is )nked y two sttes with p x E nd p y Eyderg hrterD whih re drk or hve negligile osilE ltor strengthF h 8 is lmost drk nd hs ππBE hrterF he lulted ioniztion energy is lower thn the experimentl ioniztion energyD for hp IUP grei UF g 7 r 7 sywi the hhp lultionsF ell hhp funtionE ls fil to reprodue the orret ordering of the exE ited sttesD the sEyderg stte @h 3 in the geE gpCwgs lultionsA is lwys energetilly highE er thn the ππEstte @h 6 in the gegpCwgs lultionsAD proly due to hrgeEtrnsfer in)uE ene from higherElying eletroni sttesF herefore the omputtionlly hep hhp method n not e employed to simulte the dynmis of the enzyl rdilF he more expensive method eESEgegp@UDVAG @TEQIqBDsEydAD still omputtionlly less demndE ing ompred to gegpCwgs lultionsD reE produes the orret order of the exited sttesF ispeilly the sEyderg stte still lies elow the initilly exited ππBEstteF he exittion energies re higher thn those from the gegpCwgsE lultions sine the dynmi orreltion is not s well desriedD nd due to the smll sis set the osilltor strengths re not orretF he iywEggh method reprodues the orE ret ordering of the sttesD ut the sEyderg stte nd the initilly exited ππEstte re seprted only y HFHP eD simulting the dynmis with this method would therefore led to too fst relxtion eE tween those two sttesF Potential energy surfaces he potentil energy surfes @(gF UFITA illustrte qulittively wht hppens fter the enzyl rdiE l is exited into the h 4 Estte with ππEhrterF he onil intersetions were lulted with eE SEgegp@UDVAG@TEQIqBD sEydAY the hrter of h 1-3 is s disussed ove for the gegpCwgs lultionsF h 4 orresponds to the initilly exited stte with ππEhrterD the sttes with pEyderg IUR grei UF g 7 r 7 sywi hrter re not inorported in this lultion to ring the lultions down to fesile lengthF trting in h 4 t the prnkEgondon pointD the wveEpket will slide down the potentil surfe nd ross into h 3 F here it remins trppedD unless its kineti energy is high enough to pss the rrier to the h 3 Gh 2 onil intersetionF herefore the kineti energy of the wveEpket of the initilly exited stte should in)uene strongly the lifetime of the sEyderg stte @h 3 AD sine the onil interE setion h 3 Gh 2 is energetilly slightly higher omE pred to h 4 t the prnkEgondon pointF sf the wvepket psses the h 3 Gh 2 rrierD it will slide down quikly towrds the rrierless h 2 Gh 1 interE setion nd relx into h 1 F IUS UFIF fixv ehsgev huring ll those onil intersetions the moleule remins plnrD only the ond lengths in the roE mti ring vryF por the in (gF UFIT notEdisplyed onil intersetion etween h 1 Gh 0 this is not the seD here the plnr symmetry is rokenF his ringEpukered geometry hs elongted @or rokenA ondsD nd lies Et the gegpElevel with only πE eletrons in the exited sttesE energetilly very highF snluding oritls from the σ Efrmework would improve this desriptionF fut the romtiity of the enzyl rdil will enfore plnrityD shifting this onil intersetion to even higher energiesF e detivtion of the h 1 Estte vi h 1 Gh 0 onE il intersetion is therefore hinderedF his results in long lifeEtime for the h 1 EstteD in greement with )uoresene from the lowest exited stte [259] F hetivtion from the h 1 Estte vi onil interE setion will rek the enzyl rdil prtD s ws oserved experimentlly when exiting the enzyl rdil in the hEnd [242] F he potentil energy surfes represent qulE ittive explntion of the dynmis of the enzyl rdilF e more quntittive piture is provided y nonEditi dynmi on the )y lultionsF Non-adiabatic surface hopping calculations he methodology of nonEditi surfe hopping lultions ws lredy explined in detil for the PEmethyllly rdil @see setion TFQFPAF por the enzyl rdilD howeverD no intertion with the lser is tken into ountD ll popultions strted diretly from the ππEstte @h 4 AF he evolution of IHH trjetoriesD lulted with gegp@UDVAG@TE QIqBD sEydAD is shown in (gF UFIU @see eginning of this setion for more detils on the lultion proE edureAF pEyderg sttes were not inluded in this IUT grei UF g 7 r 7 sywi Figure 7.17: Adiabatic state populations from nonadiabatic dynamics simulations with CASSCF(7,8)/(6-31G*, s-Ryd) after a vertical excitation of all trajectories into D 4 (2 2 A 2 , ππ*). A t considering only the transition of D 3 (1 2 A 1 , s-Rydberg) to the D 1 (1 2 A 2 ) state resulted in a lifetime of the s-Rydberg state of τ≈700±100 fs (dotted thin blue and red curves). Reproduced from [212] with the permission of AIP Publishing.
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simultionD sine this would e too timeEonsumingF et taH ll trjetories re in the ππBEstte h 4 @ornge lineAF st is tempting to interpret the rpid yling etween h 4 @ornge lineA nd h 3 @lue lineA in the (rst IHH fs s the rpid relxtion of h 4 into the sEyderg stte h 3 F fut the plotted populE tions re diti onesD mening tht the hrter of stte my hnge ut the olor of the respetive urve remins the smeF huring those (rst IHH fs the h 4 nd h 3 stte re energetilly very lose nd swith orderD leding to the yling seen in the (rst IHH fsF efter out IHH fs the gp etween those two sttes widensD mening tht now the onil intersetion etween h 4 nd h 3 hs een pssedD nd the h 3 Epopultion IUU UFIF fixv ehsgev hs minly sEyderg hrterF his is lso niely visile in (gF UFIVD where the diti energies of typil trjetory re shownF huring the (rst IHH fs h 4 nd h 3 re very lose nd sometimes even rossD then the gp widensF urning k to (gF UFIUD the wveEpket then relxes from the h 3 Estte to the h 1 Estte @red lineAD where it reminsD sine the h 1 Estte is longElivedF he smll popultion in the h 2 Estte @green lineA is gin ttriuted to swithing in the energeti order of the h 2 nd h 1 EstteF his swithing of the order of h 1 Gh 2 s well s the relxtion into h 1 is lso visile in (gF UFIV for typil trjetoryF hen the gp etween two sttes widensD the onil inE tersetion etween those two hs een pssedF IUV grei UF g 7 r 7 sywi he relxtion from h 3 to h 1 n e desried with single exponentil @lue nd red dotted lines in (gF UFIUAX @h 3 A a e (tt 0 )/τ he initl dely t 0 aIHH±SH fs orresponds to the time where the sttes h 4 nd h 3 still swith their energeti orderF he lifetime τaUHH±IHH fs deE sries the detivtion of the h 4 Estte to the lowerE lying h 1 EstteF foth the lifetime τ nd the initil dely t 0 re derived from mnul (tF sn summryD the following detivtion mehnism is postultedX 7.1.5 Discussion of theoretical and experimental results

his postulted detivtion mehnism is in exelE lent greement with the experimentl resultsF he (rst timeEonstnt τ 1 a VR ± S fs with UWV nm proe nd the timeEonstnt τ 1 a VW ± S fs with QWV nm proe re ttriuted to the relxtion of the initilly exited stte to the sEyderg stteD whih tkes ple in the (rst IHH fsF he initlly exited stte is minly the ππEstteD ut proly hs lso some p y Eyderg hrterF sonizing from p y Eyderg sttes is very e0ientF his results in photoeletrons with n eue≈HFQ eD the only nd oserved in the QWV nm photoeletron spetr nd IUW UFIF fixv ehsgev the nd oserved t erly times in the photoeleE tron spetr with UWV nm proeF he seond timeEonstnt visile with UWV nm proeD orresponding to the dey of the seond nd in the photoeletron spetr round eue≈IFH eD is ttriuted to the relxtion of the sEydergE stte to the lowest exited stte h 1 F he experiE mentlly oserved timeEonstnt τ 2 a IFSS±HFIP ps nd the omputed timeEonstnt of τaUHH±IHH fs re in resonle greementF he sEyderg stte lies energetilly lower thn the initilly exited ππBEstte nd nnot e ionized y one single QWV nm photonF ith UWV nm ioniztion ours vi resonnt yderg sttesD resulting in the oserved ICQ9EsignlF soniztion vi resonnt yderg sttes hs een oserved efore [182184] F his interpretE tion is in perfet greement with the delyed forE mtion of the nd in the photoeletron spetrum t eue≈IFH eF Eyderg sttes re hrterized y highly positive photoeletron nisotropy of βaP for oneE photon ioniztionF he oserved nisotropy in the photoeletron spetrum with UWV nm proe is out HFV for ll oserved signlD ut this nisotropy stems from multiphoton proessD involving proly resE onnt sttesF foth proesses re therefore not omE prleD nd will not e disussed furtherF sn the QWV nm proe photoeletron spetr only oneEphoton ioniztion is oserved with photoeleE tron nisotropy of HFVF his photoeletron nisotropy might stem from the initilly exited ππEstteD ut lso from the pEyderg sttesD whih re energetE illy quite lose @ut were not inluded in the dyE nmi simultions sine too timeEexpensiveAF ine the photoeletron nisotropy for sttes other thn sEyderg sttes vries with the kineti enE IVH grei UF g 7 r 7 sywi ergy of the photoeletron @see setion RFPAD ler identi(tion is only possile if the proe energy is vriedF his mesurement nnot e performed with the experimentl setupD so no onlusion n e drwn s to whether the oserved nisotropy is in greement with the postulted mehnismF soniztion from h 1 with UWV or QWV nm nE not e oservedD sine the proe energy is too low in oth sesF he simultion s well s previous experiments [259] show tht this stte is longElivedD sine it )uoreses when exited diretlyF ong et lF oserved tht the enzyl rdil exited in the hEfnd @PQHEPUH nmA leds to dissoition to fulE venllene nd hydrogen tom [242] D whih is in greement with the nlysis of the potentil energy surfe @see setion UFIFRAF his mehnism is di'erent from the one oE served y ierhut et lFD who exited enzyl with PSS nm nd proed with PVH nmF imeEresolved mss spetrometry showed monoEexponentil deE y @τ a ISH ± QH fsA with (nl o'set [241] F heir oservtions re proly omptile with to our postulted mehnismD sine the timeEdependnt signl of ierhut et lF ws only reorded until IFPS ps dely nd the signl hd not yet returned to the seElineF IVI UFPF yv ehsgev 7.2 Tropyl radical he tropyl @yloheptrtrienylA rdil @see (gF UFIW is fsinting strutureF ith U eletrons it is not romti @it doesn9t oeys rükel9s rule for RnCP eletronsAY ut the tion with its T eletrons is roE mtiF he nonEromti rdilD howeverD is still extensively resonne stilizedD even etter thn the triphenylmethyl rdil [261] F he tion hs h 7h symmetry [262] D in greeE ment with lultions [263] D ut it hs een unler for quite some time whether the rdil is symmetE ri @h 7h A or distorted y the thnEeller @tA e'et to lower symmetryD used y the eletron in the ntionding oritlF e symmetri or nerEsymmetri geometry ws postulted y tohnson [264] D ut s mesurements of the rdil tell di'erent tleF he s spetrum of the rdil mesured in supersoni expnsion in the gsEphse is not reprodued y lultions whih do not tke into ount the thnEeller disE tortion from the h 7h symmetry to lower symmetry g 2v [235] F eently uufmnn et lF mesured the gEr streth virtions in helium dropletsD on(rmE ing tht the thnEellerEintertion strongly in)uE enes the intensity of the virtionl nds [265] F hese results ontrdit eletron spin resonne @iA mesurements of the tropyl rdil in rystlsD where the tropyl rdil is to possess seven equivlent hyE drogen toms t room temperture @no t distorE tionAD nisotropi spetr in low temperture rysE tls were ttriuted to e'ets of di'erent rysE tlline environment [266] F iven though the tropyl rdil is thnEeller distortedD it is still normlly treted in the frmeE work of h 7h symmetry groupD therefore its ground stte hs i 2 symmetryF he trnsition into the IVP grei UF g 7 r 7 sywi (rst exited stte e 2 i 3 t PS UIW m -1 shows lrge vironi progressionY overing over THHH m -1 D reE veling lrge geometry hnge due to the t e'et @distorting it from the h 7h geometryA [267] F he thnEeller distorted potentil energy surfes of the (rst exited stte nd the ground stte were lE ulted in detilD reveling onil intersetions [268] s on(rmed y lserEexited dispersed )uoresene spetr [269] QFIVVU Qp [264] RFQTPS nd @δa HFHRTA [270] RFUUQ SFRIPR SFUHPP nf @δa HFHSA [264] SFQRVI SFTTST SFVQRU SFWQUR +1 e 1

[271] TFPQ xFeF [271] UFPS 3 i 1 [272] WFTQ e xFeF [271] WFVS xFeF [271] IHFU 1 e 2

[234] IIFUW he ioniztion energy of the tropyl rdil is very low ompred to other orgni moleulesD whih re)ets the stility of the romti tionF rrriE son et lF were the (rst to mesure the ioniztion energy of the rdil @TFTH ± HFI eA [273] D whih ws re(ned three yers lter y rush et lF vi sorption spetr mesurementsF he oneEphoton sorption spetrum reveled yderg series with δ of HFHRTD onverging to n ioniztion energy of TFPQU ± HFHI e [270] F IWTW ilder et rr remeE sured the diti si to e TFPQT ± HFHHS e [274] F sing re@sAEphotoeletron spetrosopyD the (rst two exited sttes of the tropyl tion were deterE mined nd the ioniztion energy mesured to e TFPV e [272] F fy mesuring two yderg series with δ@npAaHFQS nd δ@nfAaHFHSD n ioniztion enE ergy of SH IUU ± VT m -1 @TFPP eA ws determinedF he virtions in the yderg series re quite simE ilr to the tion [264] F eently our group determined n ioniztion enE ergy of TFPQ ± HFHP e in photoeletronEphotoion oinidene @isgyA experiment [271] F he tion shows strong virtionl progressionF everl stE tes of the tion were lso oservedD ut their symE metry ws not determinedF et wvelengths higher thn IHFSS e the tion dissoites to g 5 r 5 + nd g 2 r 2 F he eletroni sttes of the tropyl rdil IVQ UFPF yv ehsgev nd tion re summrized in tle UFS nd (gF UFPHF en isomer of the tropyl rdil is the enzyl rdilD whih hs lredy een disussed in the previous setion UFIF he enzyl rdil is out HFTS e more stle thn the tropyl rdilF por their tions this is di'erentD here the tropyl tion is HFPR e more stle thn the enzyl tion [235] F he rerrngement from the enzyl tion to the tropyl tion needs n tivtion energy of PFVI eD pssing through single intermedite minimum [275] F ine we lredy exmined one g 7 r 7 isomerD the enzyl rdilD it is interesting to exmine the tropyl rdil using the sme experimentl methodD nmely fs pumpEproe spetrosopyF 7.2.1 Experimental conditions and data treatment he tropyl rdil ws exmined with the fsEsetup in ly using PTT nm s pump pulse nd VHH or RHH nm s the proe pulse @see hpter SFRAF ropyl ws produed vi pyrolysis from the preurE sor itropyl @see (gure UFPID for the synthesis see ppendixAF st ws seeded into gs phse in the E (lter soure t THEUH°g @see hpter SFIA with rgon s rrier gs t P r solute pressureF he pyrolysis ws kept t QH F he experimenE tl prmeters of the lsers re summrized in tle from the preursor itropylD s n e seen in (gF UFPQ A for PTTGVHH nm nd in (gF UFPQ A for PTTGRHH nm t pumpEproe onditionsF ithout pyrolysis no preursor @mGzaIVPA is visile in either seD ut the tropyl rdil itself isF he ion imge with VHH nm proe gted on the tropyl rdil without pyrolysis shows di'use loth @see (gF UFPRAD on(rming tht the tropyl rdil n e formed y dissoitive photoionizE tion of itropylF he wCIEpek t mss WP orreE sponds to 13 gg 6 r 6 EpekF Time-resolved mass spectra he evolution of the tropyl signl @mGzaWIA for VHH nm proe with pyrolysis on is displyed in (gF UFPSF e monoEexponentil (t @τ 1 a RQP ± PQ fsD spaIHT ± II fsA reprodues the dtD nd the sp issued from the (t is in greement with previous experiments using the sme experimentl setupF ith RHH nm proe this sitution is di'erentF e monoEexponentil nd iEexponentil (t with RHH nm proe re shown in (gFUFPT A nd A respeE tivelyF pitting with only one timeEonstnt doesn9t reprodue the signl fter HFS psF e seond timeE onstnt is neessryD ut this leds to n sp tht is too lrge nd (rst timeEonstnt whih is too short to e relistiF his only mens tht the (rst timeEonstnt is too short to e resolved with the experimentl spF st is strikingD howeverD tht the dey with RHH nm proe is shorter thn with VHH nm proeF ith RHH nm proe no intensity remins fter IFH psD wheres for VHH nm proe signl is still visileF IVU UFPF yv ehsgev o lrify whether the oserved signl nd dynmE is stem from the tropyl rdil itself or from disE soitive photoioniztion from the preursorD timeE resolved ion imges gted on the tropyl rdil were reordedF Time-resolved ion images Figure 7.27: Typical ion image of the tropyl radical with 266/800 nm and pyrolysis on sn (gF UFPU typil ion imge gted on the tropyl rdil @@eAaVFTV μsD @fAaQHH nsA t pumpEproe onditions with VHH nm proe nd pyrolysis is shownF he moleulr em @white retngleA is visile s (ne lineF fut signl on the side of the moleE ulr em @red retnglesA is lso visileD inditE ing dissoitive proessesF fkground signl @lue retngleA orresponds to moleules in the deteE tion hmer with no veloity in diretion of the moleulr emF he deys of these di'erent regions of interest is shown in (gF UFPVF sn A the dey of the moleuE lr em @ A is (ttedD the dey of the dissoitive photoioniztion signl @ A nd the kground @ A is lso shownF foth the moleulr em @ A nd the dissoition signl @ A show the sme deyD whih is well reprodued with monoEexponentil deyF he oserved timeEonstnt @τ 1 a PTP±W fsA is shorter thn the timeEonstnt in the mss speE tr @τ 1 a RQP ± PQ fsAF his is due to insu0ient deE tetor voltge nd will e detiled lter when omE pring the timeEonstnts from mss spetrosopyD ion nd photoeletron imgingF he kground moleules show di'erent eE hviorD the signl onverges to n o'setF e monoE exponentil (t with o'set @(gF UFPVE upper pnelA does not reprodue well the kground dey round IVV grei UF g 7 r 7 sywi A A 
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HFT psF e iEexponentil (t with o'set @(gF UFPVE lower pnelA reprodues well the omplete kE ground signlD nd lso leds to more relisti spF he kground signl intensity is IQ7 omE pred to the moleulr em signl summed up to IFS psD so its in)uene should e visile in the phoE toeletron spetrF sn the mss spetr the kE ground signl is of no onsequeneD sine it is experE imentlly exludedF hen swithing from imging mode into mss modeD the eletrostti optis is turned @see setion SFRA to pture the ions on the ottom detetorF he size of the mss detetor is only PSFR mmD ompred to VH mm for the imgE ing detetorD the kground signl is not ptured with timeEofE)ight mss spetrometryF he ion imge gted on the tropyl rdil t pumpEproe onditions with RHH nm proe @(gF UFPWA is noisierD ut the sme proesses re distinguishE leD nmely the moleulr em @white retngleAD dissoitive proesses @red retnglesA nd the kE ground signl @lue retngleAF he deys of these three regions of interests re shown in (gF UFQHF egin dissoitive proesses @ A nd the moleE ulr em @ A show similr deysF por the moleuE lr em monoEexponentil (t represents well the oserved dey @(gF UFQHEAD nd the oserved timeE onstnts nd the monoEexponentil timeEonstnt of the timeEofE)ight dey re in greementF he kground signl @ D (gF UFQHEA shows gin n o'setF st n e (tted with monoEexponentil (t inluding n o'setD ut the kground signl is so noisy tht iEexponentil (t with o'set is eqully vlidF umming ll imges up to IFS ps leds to kgroundEtoEsignl rtio of IR7 with respet to the moleulr em signlF he o'set of the kground signl is very interE esting pheomenF he imge is gted on the tropyl rdil @mGzaWIAD ut the minimum width of the experimentl gte is ±I mss unitF sf the kE ground moleules were lso tropyl rdilsD their tempertures re expeted to e higher @not ooled in the moleulr emAD nd shorter dey is exE petedF snsted n o'set is oservedF herefore IWI UFPF yv ehsgev the kground signl nnot e the tropyl rdiE lD ut nother moleule of roughly the sme mss @± 1 rAF gylohepttriene or toluene re the most likely ndidtesF gylohepttriene sors in the region round PTT nmD nd even though in solution the dey ws fst @IIH ± IH fsA [276] D this n di'er drmtilly without the intertion with solvent moleulesF he 1 Estte of toluene lso sors t PTT nmD nd sine this stte )uoreses [277] D it is longElived on the psEtime sleF ht no lrge wCIEpek @other thn the tropylE 13 gEpekA ws oserved in the mss spetr is not in disgreeE ment with this nlysisD sine with the experimenE tl setup the mss spetr do not inorporte the kground signlD s ws explined oveF he dissoitive signl shows the sme temporl ehvior s the moleulr em signlD nd stems therefore lso from the tropyl rdil nd not from the itropyl preursorF he dissoitive signl orE responds most likely to the loss of hydrogenD givE ing the frgment veloity orthogonl to the moleE ulr em diretionF Time-resolved photoelectron spectra gonsequently the photoeletron spetr should e omposed minly of the tropyl rdil signlF sn (gF UFQI the timeEresolved photoeletron spetrum with VHH nm pump pulse is displyedF e monoE exponentil (t with or without o'set is not sufE (ient to (t the totl photoeletron dey @upper pnel in (gF UFQIAF e iEexponentil (t reprodues well the oserved dey @middle pnelAF he dey is the sme for ll kineti energies @see (gF UFQPAF his oserved iEexponentil dey @τ 1 a PPW ± QW fsD τ 2 a IFI ± HFQ psD spaIPR ± U fsA is in disgreeE ment with the monoEexponentil (t seen in the mss IWP grei UF g 7 r 7 sywi spetr @τ 1 a RQP ± PQ fsAF his is treted lter on in detilD when the timeEonstnts of ll tropyl exE periments re ompredF Figure 7.31: TRPES of the tropyl radical at 266 nm pump and 800 nm probe wavelength. The upper panel shows a mono-exponential t with oset (τ 1 = 394 ± 16 fs, IRF=111 ± 7 fs), the middle panel a biexponential t (τ 1 = 229 ± 39 fs, τ 2 = 1.1 ± 0.3 ps, IRF=124 ± 7 fs) of the total photoelectron signal decay. The blue line corresponds to the total t, the green, red, and yellow lines to the population of the rst, second state and oset respectively. The red dotted line represents the IRF. The side panel shows the photoelectron spectrum summed over all times, where the ionization limit [1+2'] is drawn in as blue lines.

The ionization limit of the tropyl radical is 6.23 eV [271] . he photoeletron spetrum shows two peks t HFTH nd IFHS eD oth stem from ICP9EproessF st is very di'erent from the photoeletron spetrum of the enzyl rdil t PTSGUWV nm @see setion UFIAD onsequently isomeriztion to the enzyl rdE il during the pyrolysis is exludedF hese two oserved peks do not (t n ovious wellEde(ned yderg (ngerprint spetrumD nor do they orrespond to virtions in the tionF he (rst exited eletroni stte in the tion mesured y pisher et lF is t WFTS e [271] D whih ionE ized in ICR9Eproess would orrespond to n exE ess energy of eueaIFPI eF xo pek is oserved in tht regionF sn (gF UFQQ the timeEresolved photoE eletron spetrum with RHH nm proe is displyed with di'erent (ts for the totl photoeletron sigE nl @upper three pnelsAF e monoEexponentil (t only @top pnelA does not tke into ount the oE served o'setF snluding this o'set @middle pnelA in monoEexponentil (t leds to etter greeE mentD ut inluding nother timeEonstnt for iE exponentil dey @lower pnelA leds to the est (t nd to relisti spF tust s for VHH nm proeD the dey is the sme over the whole energeti rngeF IWR grei UF g 7 r 7 sywi Figure 7.33: TRPES of the tropyl radical at 266 nm pump and 400 nm probe wavelength. The upper panel shows a mono-exponential (τ 1 = 272 ± 16 fs, IRF=80 ± 10 fs), the second upper panel a monoexponential t with oset (τ 1 = 224 ± 12 fs, IRF=84 ± 8 fs) and the lower upper panel a bi-exponential t with oset (τ 1 = 99 ± 18 fs, τ 2 = 693 ± 167 fs, IRF=104 ± 8 fs) of the total photoelectron signal decay. The side panel shows the photoelectron spectrum summed over all times, where the ionization limit [1+2'] is drawn in as blue lines.

IWQ UFPF yv ehsgev

The ionization limit of the tropyl radical is 6.23 eV [271] . fut the photoeletron spetrum @left pnelA shows no disernile strutureD only rod nd up to ICI9 is visileF he oserved o'set is ttriuted to kground signlD from moleules in the detetion hmer with no veloity in diretion of the moleE IWS UFPF yv ehsgev ulr em @see the timeEresolved photoion imges of tropylAF Photoelectron anisotropy he photoeletron nisotropy for RHH nm proe of the tropyl rdil is shown in (gF UFQRF st is posiE tive @HFSEIFHAD where eletrons with low kineti enE ergies @etween H nd HFPS eA hve slightly higher nisotropy @IFHAF Overview of the time-constants sn tle UFU the timeEonstnts of the di'erent exE periments re ompredF por VHH nm the monoE exponentil timeEonstnt for the mss spetr is not in greement with the iEexponentil photoeleE tron spetr deyD nor with the deys oserved in the photoion imges gted on tropylF e grphi omprison of ll three experiments @(gF UFQPA show tht photoeletron nd mss speE tr re in greement up to I psD ut the photoeleE tron spetr show slower dey thn the mss sigE nlF hese signls stem from kground moleulesD whih re lso imged with photoeletron imges ut exluded from the mss spetrF he monoE exponentil dey of the tropyl rdils in the moleE ulr em in the photoionimges is shorter thn the deys in the mss or photoeletron experiE mentsF his is ttriuted to wrong experimentl onditionsX the detetor voltge ws proly not high enough during this experimentD nd the nonE linerity of the detetor used tht wek signls to e underestimtedD resulting in shorter oserved timeEonstntF es for the experiments with RHH nm proeD ll oE served timeEonstnts re shorter thn the timeE IWT grei UF g 7 r 7 sywi sustntilly shorter thn the dey with VHH nm proeF IWV grei UF g 7 r 7 sywi

λ probe τ 1 Gfs τ 2 Gfs o'set spGfs VHH tof RQP ± PQ " " IHT ± II pi beam PTP ± W " " IIR ± T pi dpi PIU ± W " " IIH ± U pi bg TR ± IU WST ± PHQ yes IIW ± IH pe PPW ± QW IIHH ± QHH " IPR ± U RHH tof PV ± PH QQI ± SH " IRH ± II tof ISR ± V " " IHP ± V pi beam IRT ± PQ " " IHV ± PI pi dpi IIV ± QS " yes IUT ± QI pi bg PIQ ± IHH " yes IQQ ± RH pe WW ± IV TWQ ± ITU yes IHR ± V pe PPR ± IP " yes VR ± V

Interpretation

ith PTT nm we exite tropyl in region where yderg series hve lredy een mesuredF rush et lF reported yderg nds t PSWFUD PPWFH nd PIUFR nmD exited in oneEphoton trnsitionD tE triuted to dEseries with δaHFHRT [270] F he oE served ndEwidth of ISH m -1 for the QdEyderg nd t PSWFU nm is too smll to e exited with PTT nm @spetrum displyed in (gF UFQVAF tohnE son lso mesured severl yderg series [264] @see tle UFVAF hese yderg series were exited in twoEphoton trnsition nd re drk with one PTT nm photonF he eletron in the tropyl rdil is resonneE stilized nd is therefore expeted to hve pEhE rterF ith one PTT nm we n either exite into sE or into dEyderg stteF he dEydergE sttes mesured y rush nnot e rehed with the pump lserF wost likely we exite therefore into n sEyderg oritlD whih explins the unstruE tured photoeletron spetrF Eyderg nds hve not een oserved yet for the tropyl rdilF his does not explin the di'erene in the oserved deE ys with VHH nd RHH nm proeF ith RHH nm proe the dey is shorterF ine in oth ses IWW UFPF yv ehsgev the sme mount of energy is used in ioniztionD nd the sme initil stte is exited with PTT nmD the oserved di'erene hs to stem from the ionizE tion stepF essuming the initilly exited sEyderg sttes moves very fst out of the prnkEgondonE regionD with VHH nm we ould still ionize vi interE mediry yderg sttesD whih inrese the ionizE tion ross setionF his ould e on(rmed y lultions of the exited sttes of the tropyl rdilD whih re fr from trivil for this openEshell moleule with thnE eller distortionF uF sssler is urrently working on themF PHH Chapter 8 Xylylenes firdils ply just like rdils premordil role Ortho-, meta-, and para-xylylene in omustion proessesF he xylylenes re the (rst exmple of speies with irdil hrter exmE ined in this thesisF hree xylylene isomers existD orthoED meta ED nd par ExylyleneD nmed fter the position of one of the methylene groups in respet to the other @see (gF VFIAF he orthoE nd the para Exylylene n e esily regrded s hving diene strutureD for the meta Exylylene true irdil hrter is expeE ted [278] F hus it is not surprising tht lultions show therml deomposition of the orthoEmethylE enzyl rdil nd para Emethylenzyl to the orreE sponding xylylenesD wheres the meta Emethylenzyl rdil rerrnges to para Exylylene [279] F heir stE urted prentsD the xylenesD re like mny lkylted romti hydrorons n importnt omponent in liquid fuels due to their ntiEknok propertiesF sn the following n overview on the literture for ll three xylylene isomers will e presentedD then the experimentl results of the para Exylylene nd (nlly the preliminry results of the orthoExylylene will e disussedF Ortho-xylylene, (or o-quinodimethane) is n importnt retion intermedite [280] D sine it n e seen s diene @see (gF VFID topAF he diene struture hs een on(rmed y s nd mn spetr in n rgon mtrix [281] F he ground stte of orthoExylylene is plnr singlet stte [282,283] D in ordne with its diene strutureF es diE ene it n ret with dienophiles in typil perE iyli hielsEelderElike retionsD [284286] nd hs PHI proven to e espeilly useful in the synthesis of sixEmemered ring systems like lkloidsD steroids nd terpenes [280,287] F his retive moleule hs een postulted for quite some time nd ws (rst oserved diretly IWUQ y plynn nd wihl in n rgon mtrix [282] nd some yers lter y oth et lF in solution [288] F sn sene of other moleules it dimerizes quikly [283,289] F enother possile reE tion is isomeriztion to enzoyloutne @see (gF VFPAD whih is more stle thn orthoExylylene @∆r f @orthoExylyleneA a SRFP klGmolD ∆r f @enzoyE loutneA a RWFP klGmolAF he tivtion rE rier of this retion is PSFT klGmol [290] F foth isomers hve di'erent ioniztion energiesF fenzoyloutne s n ioniztion energy of VFTS ± HFHIS e [291] D higher thn the ioniztion energy of orthoExylylene @sia UFUH e [292] AF he exited sttes of orthoExylylene re summE rized in tle VFI nd in (gF VFQF hen exited from the plnr ground stte into the (rst exited stteD it undergoes quite some geometril hnge [293] F seng et lF mesured n sorption spetrum of orthoExylylene in n rgon mtrixD showing sorpE tion from RHH to PWR nmD nd nother nd whih strts t PVS nm nd inreses up to their limit of mesurementD PUV nmF hey lso showed tht it )uoreses etween RHH E THH nm [281] F willer et lF lso mesured the sorption spetrum of or-thoExylylene etween TUHEPPH nm [294] [292] UFUH e tion 2 f 1 @πA [292] WFT e tion 2 e 2 @πA [292] IHFHS e tion 2 f 1 @πA [292] IHFRW e tion 2 e 1 @σA [292] IIFRR e tion 2 f 2 @σA [292] IPFIR e para Exylene [295,296] F es ghihiin hydrorE on it is n intermedite in mny orgni reE tions [297] F heres orthoExylylene only dimerizesD para Exylylene n polymerizeD forming prylene xF his polymer is ommonly synthesized from the preursor PFPprylophne [298] y heting it over SHH°g in vuumD reting the para Exylylene s n intermediteD whih polymerizes [298] F rylene x is used s n isolting oting in eFg mirowve eletronis or s rrier lyers for (lters [299] F Para Exylylene n lso e formed photohemiE lly from para Exylene y irrdition with IWQ nmF esorption of two IWQ nm photons led to the elimE intion of two hydrogen toms nd formtion of para Exylylene [300] F tust like orthoExylyleneD it n exist in two meE PHQ someriD unhrged strutures @see (gF VFIAF he quinone struture seems the est simplisti repreE senttion of the para Exylylene insted of the doule rdil formY its ond lengths indite tht simple ssemly of onjugted doule nd simple onds is not the orret representtion for this moleule [301] F nd s spetr further onsolidte the quinone struture over the irdil struture [302] F Para E xylylene is more stle thn its orthoEisomerD whih is shown y its lower het of formtion @RWFQ klGE mol [303] AF sn ordne with the quinone struture the ground stte is singlet stte [304] D nd its speE trum show (rst sorption nd with mxiE mum t QHI nm [302] F ell eletroni sttes of para E xylylene nd its tion re summrized in tle VFP nd in (gF VFRF everl theoretil studies were perE formed on this moleule [295,304,305] D most reently forowski et lF lulted severl triplet nd sinE glet sttes using gegpGwwP [304] F hey onE ur with severl other studies tht the singlet ground stte of para Exylylene is more stle thn its (rst triplet stteD with the symmetry of the ground stte eing h 2h F uoenig et lF [306] determined the ioniztion enE ergy of para Exylylene s UFVU ± HFHS e using re s photoeletron spetrosopyD mesuring lso the poE sition of the (rst three ioni sttesF hey showed tht some ioni sttes mixed stronglyD whih is lso the se for para Exylylene derivte [307] F he vlue of the ioniztion energy of para Exylylene ws onE (rmed reently using threshold photoeletron speE trosopy [308] F nder irrdition of n erpEeximer lser PFPEpryllophne dissoites to para ExylyE lene in fst @fster thn nsA PEphoton proessD with the retion rtes well reprodued y sttistil retion theory [309] H 3 f 1u @theoA [304] IFTS 1 f 1u @theoA [304] RFQV 1 f 1u @ππ * A [302,305] RFIP +2 f 3u

[306] UFVU e +2 f 1g [306] WFU f +2 f 2g G 2 f 1g [306] IHFPEIHFS Table 8
.2: Overview of the dierent electronic states of the para-xylylene and its cation as can be found in the literature, own TDDFT calculations which show that the S 1 /S 2 states are very close are presented later in this chapter.

Meta-xylylene isD in ontrst to the other xylyE leneEisomersD expeted to e true irdil [278] F iEspetrosopy on(rm tht the ground stte of meta Exylylene is triplet stte [278] D s do lulE tions of the lowest triplet nd singlet sttes [310] F he triplet ground stte nd two higher exited singlet sttes were oserved y nion photoeleE tron spetrosopyD whih lso llowed the mesureE ment of the eletron 0nity of the triplet ground stte [311] F he )uoresene spetrum of meta ExylyE lene is struturedD showing peks t WVVD SQH nd RRH nm [293] F he xylylene isomers re importnt intermediE tes in omustion proessesD where they re exE ited y therml energyF fut the dynmis of their exited sttes is lrgely unknownD we therefore try to (ll tht void y exmining their dynmis of their exited sttes fter exittion with PTT nmF pirst the results of the para Exylylene will e deE sriedF hen the results of two possile orthoE xylylene preursors will e ompred to enzoyE PHS VFIF PARAEvvixi loutneD reveling tht produing orthoExylylene vi pyrolysis is prolemtiF por the meta Exylylene no suitle preursor ws found during the time of this thesisF 8.1 para-Xylylene 8.1.1 Experimental conditions and data treatment Para Exylylene ws produed vi pyrolysis from the preursor PFPprylophne @Sigma-AldrichD used without further puri(tionD see (gF VFSA using the E(lter setup @see hpter SFIA nd exmined using the fsEsetup in ly @see hpter SFRAF 266/800 nm and b) 266/400 nm ttionl men @@PBignl ortho Cignl para AGQA ws used in further nlysisF he points were seleted rndomly in eh time sequeneF he mss speE tr deys were nlyzed y integrting over the respetive signlF hotoeletron spetr were inE verted using the pfsex lgorithm s implemented in the Analyse Eprogrm with 0 2 4 sis setF heys were (tted using the (t progrm s deE sried in hpter IQD unertinties orrespond to the unertinties of the (t itself nd re not experiE mentl unertintiesF e sequentil (t e → f @→ gA ws used to (t the dtF en o'set @stti signl fE ter the lser utoorreltionA ws inluded in the ( 266/800 nm and b) 266/400 nm @see (gF VFUAF ynly two sideEproduts of para E xylylene @mGzaIHRA re visileX mGzaIHQ @VHH nm proeX U7Y RHH nm proeX PI7A nd mGzaUV @VHH nm proeX HFHS7Y RHH nm proeX T7Y for the perE entges the mGzaIHR pek orresponds to IHH7AF wGzaIHS is with II7 @W7 for RHH nm proeA mostly 13 gg 7 r 8 D orresponding to the 13 g para ExylyleneF he mGzaUV pek @proly enzeneA is quite rodD inditing formtion from dissoitive proE essesF he mGzaIHQ peqk is quite shrpD howeverF Time-resolved mass spectra por oth proe wvelengths the dey of the mGzaIHR signl @ A is well reprodued with monoEexponentil (t with similr timeEonstnts @τ 1 aQQWEPWW fsD see (gF VFVAF he sp isD with VT ± T nd VW ± T fs for VHH nd RHH nm proe wvelength respetivelyD resonle s wellF he dey of mGzaIHQ @ A nd mGzaUV @ A re plotted in the kgroundF PHV grei VF vvixi por oth proe wvelengths it is pprentD though for VHH nm proe espeilly strikingD tht the onset nd mximum of the mGzaIHQ nd mGzaUV deys is shifted in respet to the mGzaIHR deyF por VHH nm proe shift of roughly VH fs is visileD for RHH nm proe the shift is out QH fsD though the PTTGRHH nm signl is noisierF foth msses mGzaIHQ nd mGzaUV show the identil temporl ehviorF 
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VFIF PARAEvvixi everl explntions re possileX hese lower msses ould e produed vi disE soitive photoioniztionD nd the oserved o'set stems from lower e'etive sp sine only high multiphoton proess leds to dissoitive phoE toioniztionF por RHH nm proe this hypothesis still seems resonleD ut for VHH nm shift of VH fs for n sp of VT fs is notF enother hypothesis is tht the lower msses ould e formed independently in pyrolysisF es pyrolyE sis sideEproduts their sp nd in prtiulr the time zero @see the (t proedure hpter IQA should e identil to those from the (t of para ExylyleneF ueeping these prmeters (xed does not llow reE sonle (tsF e vlid piture of the origin of these lower msses from para Exylylene is represented shemtilly in (gF VFWX he pump lser @lue rrowA exites para E xylylene into the exited stte i 2 D from whih it n e ionized diretly with the multiphoton ionE iztion @red rrows representing VHH nm proeAF i 2 then relxes into i 1 D whih upon ioniztion dissoE itesD nd the moleules t mGzaIHQ nd UV re formedF st is unlikely tht the stte i 1 is just di'erent vironi stte nd not nother eletroni stteD sine i 1 is formed too fst for virtionl reE lxtionF i 1 n then relx either to the ground stte q or to nother lowerElying eletroni stteD whih n no longer e ionizedF e similr proess hs een oserved in the se of detetrene [312] F he proposed model is i 2

τ 1 -→ i 1 τ 2
-→qG drk stteD with the mGzaIHQGUV signls re)eting the popultion of the i 1 EstteF his model is used to (t oth mGzaIHR nd mGzaIHQ simultneouslyD nd it reprodues well the oserved dt @see (gF VFIHAF PIH grei VF vvixi he timeEonstnts from the sme model with siE multneous (t of mGzaIHR nd mGzaUV re within the limits of unertinty @τ 1 a QV±U fsD τ 2 a RHU±W fs nd sp a IIS ± U fsAF sing the sme model for RHH nm proe leds to n unresonle vlue of τ 1 a P ± UPQ fs @τ 2 a QSR ± W fs nd sp a IHU ± UP fsAF he Gx rtio is worse thn with VHH nm proeD whih is likely the reson why the (tting of suh model fils for RHH nm proeF Time-resolved photoelectron spectra sn (gF VFII nd (gF VFIP the timeEresolved photoE eletron spetr for VHH nd RHH nm proe wveE length re plotted respetivelyF he totl photoE eletron dey is plotted in the upper pnelD nd is well reprodued for oth y monoEexponentil (t with τ 1 ≈ QQH fsF fut the model estlished with the mss spetr dt shows iEexponentil deyF pitting the totl photoeletron dey of either VHH or RHH nm proe leds to unrelisti vlues of the (rst timeEonstntF his stems from the ft tht no evolution of the seond stte is (tted simultneE PII VFIF PARAEvvixi Figure 8.11: Rotational mean TRPES for para-xylylene with 266 nm pump and 800 nm probe. The upper panel shows the decay summed over all photoelectron energies with a mono-exponential t, the black circles correspond to the experimental data points. In the left panel the photoelectron spectrum summed over all times is displayed, the ionization limits for para-xylylene (IE=7.87 eV [306] ) are depicted in blue.

ously with the totl photoeletron deyD sine the photoeletron spetr re dominted y the signl from para ExylyleneF herefore in (gF VFIQ the totl photoeletron deE y @ A nd mss spetr @mGzaIHRD A re omE pred for oth proe wvelengthsF wss nd photoE eletron signls show the sme deyD ut the phoE toeletron deys re noisier thn the dey of the PIP grei VF vvixi Figure 8.12: Rotational mean TRPES for para-xylylene with 266 nm probe and 400 nm pump. The upper panel shows the decay summed over all photoelectron energies with a mono-exponential t, the black circles correspond to the experimental data points. In the left panel the photoelectron spectrum summed over all times is displayed, the ionization limits for para-xylylene (IE=7.87 eV [306] ) are depicted in blue.

para Exylylene mss spetr signlF he inherent sE sumption in (gF VFIQ is tht photoeletrons with di'erent kineti energies show the sme temporl evolutionD nd tht therefore the totl photoeleE tron dey n e used for omprisonF his is true for the nds in the photoeletron spetrum with VHH nm proe @see (gF VFIIAD ut not for the nds in the photoeletron spetr with temporl evolution thn the other nds t lower energies @see (gF VFIRAF he three overlpping peks from H to IFW e re well reprodued using the sme monoEexponentil (t prmeters @τ 1 a IIS±U fsY sp a UP ± T fsAD wheres the di'use nd from PFH to PFS e shows shorterD di'erent temporl ehviorF e monoEexponentil (t of this signl is not su0E ientY iEexponentil dey reprodues the signl @τ 1 a SH ± PI fsY τ 2 a PST ± WH fsY sp a WH ± W fsAF he (rst timeEonstnt is E within the unE ertinties E in greement with the iEexponentil model prmeters from the mss spetr (t with PIR grei VF vvixi VHH nm proe @τ 1 a QV ± U fsD τ 2 a RHU ± W fs nd sp a IIS ± U fsAD ut the seond timeEonstnt is out IHH fs shorterF his di'erene is ttriuted to n insu0ient Gx rtioF st is possile to (t stisftorily the two deys of oth energy rnges using the sme timeEonstnts @see (gF VFISAD ut the (rst timeEonstnt nd the sp hs to e held (xed for the (t to onvergeF o oth nds show the sme temporl evoluE tionD ut the di'erent popultions hve di'erent ioniztion ross setions t di'erent photoeletron kineti energiesF por the peks with eue`IFW oth popultions hve nerly the sme weightD whih is A PIS VFIF PARAEvvixi A Figure 8.15: Simultaneous t of the two photoelectron bands with 400 nm probe, a) the band from 0 to 1.9 eV b) the band from 1.9 to 2.5 eV. The rst time-constant and the IRF had to be held xed for the t to converge. lso the reson why monoEexponentil n stisE ftorily (t the oserved deyF por the nd ove IFW e the seond popultion hs less weightF o with VHH nm proe the iE exponentil dey is visile in the mss spetrumD wheres for RHH nm proe it is lso visile in the photoeletron spetrumF he proposed mehnism i 2

τ 1 -→ i 1 τ 2
-→ qGdrkstte is the sme for oth proe wvelengthsD ut the ioniztion ross setions di'er with di'erent proe wvelengthD whih exE plins the slightly di'erent photoeletron spetrF he photoeletron spetr with VHH nm proe shows up to ICR9E signlD so one more photon is used for ioniztion thn neessryF ith RHH nm proe ICP9Eproess is t lest neessry to ionize para E xylyleneD nd no signl with higher eue ws oE servedF e omprison of the summed photoeletron speE tr for oth proe wvelengths is given in (gF VFITF sn the RHH nm proe photoeletron spetrum four peks re disernile @HFID HFSD HFWD IFSS eAD wheres PIT grei VF vvixi Figure 8.16: Comparison between the sum of the photoelectron spectra over all times for probe 400 and 800 nm the lst pek t IFSS e is not visile with VHH nm proeF he ttriution of these nds is trikyX heir poE sitions do not mth yderg seriesD nor do the photoeletron spetr show uto' t the energy of one proe photon s it would e the se for yderg (ngerprint spetrumF he (rst exited stte of the para Exylylene tion is loted t WFU eF ith VHH nm proe it ould e rehed in ICQ9 proessD resulting in n exE ess energy eueaHFR eY wheres for RHH nm ionE iztion requires n ICP9Eproess with resulting eue of IFW eF xo prominent peks re oserved in these regions for the orresponding proe wveE lengthF he oserved peks lso nnot orrespond to virtions in the tionD sine the nd struture is so lrge tht for RHH nm proe the di'erene eE tween the ioniztion limit nd the highest energeti pek is more thn W THH m -1 F he mesued spetr lso does not orrespond to virtions in the tion s mesured in the treshold phtoeletron spetr y remerger et lF [308] F PIU VFIF PARAEvvixi Photoelectron anisotropy he photoeletron nisotropy with RHH nm proe is Figure 8.17: Anisotropy of pxylylene 266/400 nm positive @HFVEIFP etween HFPSEPFS eY see (gF VFIUA nd doesn9t hnge during the deyF he nisotropy etween H nd HFPS is less positive @HFRAD whih for eletrons with low kineti energies is not surE prisingF hotoeletron nisotropies of multiphoE ton proesses re omplited to interpretD sine sttes with di'erent eletroni hrter n show the sme photoeletron nisotropyF he photoeleE tron nisotropy is therefore not onsideredF 8.1.3 Conclusion he proposed model @see (gF VFIVA is in greement with the experimentl dtX para-xylylene is iniE tilly exited into the stte i 2 F his stte relxes fst to lowerElying stteD whose popultion is diE retly oserved in the dissoitive photoioniztion produtsF en ttriution of the initilly exited stte i 2 sed on the literture is not strightforwrdF ith PTT nm we exite into the nd from QSH to PSH nm oserved @in mtrixA y erson et lFD with mximum t PWS nm [302] F r ttriuted this nd to the (rst exited singlet stte 1 f 1u @ππ * A using ab initio on(gurtion intertionF ith n osilltor strength of HFVRT this stte is very rightD higherE lying sttes re drkF he next right singlet stte is 1 f 1u @ππ * AaVFTW eD whih lies ove his lulted ioniztion enE ergyF wo triplet sttes re in the viinity of the (rst singlet stteX 3 f 3g @ππ * A aRFUW e nd 3 f 1u @ππ * A aRFVV eD one triplet sttes lies sustntilly lower 3 f 1u @ππ * A aPFPU e [305] F hese exitedEstte lE ultions re in greement with gegp lulE

PIV grei VF vvixi stte fQv a) fQVT a) gewE fQv b) ωfWUxh c) I 1 f 1u RFIR @HFURA ππB 1 f 1u RFIU @HFURA ππB 1 f 1u RFQU @HFVTA ππB 1 f 1u RFRS @HFVRA ππB P 1 f 3g RFRU @HFHA ππB 1 f 3g RFSI @HFHA ππB 1 f 3g RFWQ @HFHA ππB 1 f 3g SFHQ @HFHA ππB Q 1 f 3g RFUQ @HFHA ππB 1 f 3g RFUU @HFHA ππB 1 f 3g SFII @HFHA ππB 1 f 3g SFII @HFHA ππB R 1 f 3u RFVV @HFHHQSA πEsEyd 1 f 3u RFQT @HFHHQSA πEsEyd 1 f 1g TFPV @HFHA σπ * 1 f 1g TFPR @HFHA σπ * S 1 f 2g SFPI @HFHA πEp x Eyd
1 e g SFSU @HFHA πEp y Eyd 1 e g TFQU @HFHA πEsEyd 1 e g TFSW @HFHA σπ * [198, 199] tions y fooski et lFD who lulted the (rst triplet stte 3 f 1u t IFTS e nd the (rst singlet 1 f 1u stte t RFQV e [304] F st is tempting to tE triute now i 2 to the singlet stte 1 f 1u @ππ * AD nd i 1 to the triplet sttes in the viinityF fut ll triplet sttes hve ππBEhrterD nd 1 ππB 3 ππB trnsiE tions re slow ording to the il yed rules [40] F he (rst (ve exited singlet sttesD lulted with hhp 1 nd di'erent funtionls [195,196,208211] using the qussinHW progrm pkge [194] D re sumE 1 Thanks to Florian Hirsch for providing the TDDFT calculations.
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VFIF PARAEvvixi mrized in tle VFRF he exited sttes were lE ulted from singlet ground stte geometry @h 2h A optimized in (rst step with fQv [208,209] folE lowed y qussinER [315] lultionF he geomE etry ws optimized with n imposed h 2h EsymmetryF ell four funtionls gree on the nture of the (rst three exited sttesD nmely tht the (rst exE ited singlet stte is very right ππBEstteD orreE sponding to the 1 ππBEexittion s proposed in the literture [304,305] F por the fourth nd higherElying eletroni sttes this is no longer the seF fQv nd fQVT predit right 1 f 3u EstteD whih orE responds to sEyderg stteF gewEfQv nd ωfWUxh predit drk 1 f 1g EstteD orresponding to σπ * EtrnsitionF ell higherElying sttes up to the tenth exited stte re drkF gorretly desriing yderg sttes with hhp is not esy nd n fil for openEshell speies @see hpter UFI for the enzyl rdilAD sine hrge trnsfer sttes re lso possileD whih re not well desried with hhpF fut it n e used for (rst hypothesis until higherElevel lultions re on hnd 2 F ith PTT nm the 1 f 3u sEyderg stte ould e exitedF st n then either deexite to lowerElying singlet stte vi onil intersetionD nd sine the (rst E third exited sttes re energetE illy very loseD this hypothesis is vlidF ssing vi yderg stte n elerte the dynmisD sine it llows lolized eletron to intert with the other end of the moleuleD s ws oserved in the se of tetrkis@dimethylminoAethylene [316] F st ould lso deexite vi n intersystem rossE ing into triplet stteF he (rst (ve exited triplet [198, 199] sttes lulted just s for the singlets re summE rized in tle VFSF everl triplet sttes lie very lose to the initilly exited singlet stteF fut 1 ππB 3 ππB intersystem rossings re foridden y the ilEyed rulesD nd the time onstnt is very fst for n inE tersystem rossingD mking this proess unlikelyF enother hypothesis is tht with PTT nm we exE ite vertilly into the 1 EstteD whih is in the diE ti piture the 2 Estte @see (gF VFIWAF sn the diti piture we exite into 2 D whih then reE lxes to 1 @(rst timeEonstntAF he @ditiA 1 Estte then relxes to the eletroni ground stte @seond timeEonstntAF ine the @ditiA 1 E stte ould e ionized into di'erent ioni stteD whih shows frgmenttionD the popultion of the diti 1 Estte ould thus e followed diretly PPI VFIF PARAEvvixi in the mss spetr frgments of enzene nd para E xylyleneErF his postulted mehnism is in greeE ment with the high osilltor strength of the 1 E stte in the hhp lultions @HFUEHFVAD whih is two orders of mgnitude higher thn the next right stte found with the fQv nd fQVT funtionE lsF por those two funtionls the exittion energy of 1 is out HFS e elow our exittion energyD ut the exittion energies lulted with hhp re not tht preiseF PPP grei VF vvixi

Examination of two

Ortho-Xylylene precursors wo potentil orthoExylylene preursors were exmE ined with the fsEtimeEresolved ly setupY photoE eletron spetrD photoion nd mss spetr were mesured for othF hese were ompred to photoE eletron nd mss spetr of enzoyloutneD n isomer of orthoExylyleneF ine the timeEresolved spetr of the pyrolysis produts of oth potentil orthoExylylene preursors were qulittively identiE lD only the results of PEindnone will e presented in detilF 8.2.1 Experimental conditions and data treatment wo potentil preursors for orthoExylylene were exminedX PEindnone nd QEisohromnone @Sigma-AldrichD used without further puri(tionAF huring pyrolysis they n ejet ron monoxide or ron dioxide respetivelyD forming orthoExylyleneF st is lso possile tht during pyrolysis orthoExylylene isomerizes to enzoyloutneF ine the rerE rngement of the moleule is smllD the tivtion rrier for this proess is with PSFT klGmol [290] quite low @see (gF VFPHAF fenzoyloutne is ommerilly ville @Sigma-AldrichD used without further puri(tionAF ell sustnes were seeded into gs phse using the E (lter setup @see hpter SFIAF PTT nm ws used s the pump lser nd VHH nm s the proe lserF xo signl ould e otined with RHH nm proe lser for PEindnone nd QEisohromnoneD for enzoyE loutne no experiments with RHH nm s the proe lser were rried outF he lser fol points nd foth PEindnone nd QEisohromnone show stE isftory pyrolysis onGpyrolysis o' rtio @see (gF VFPP nd (gF VFPQAD ut for the PEindnone it is lenerF ithout pyrolysis @lk lineA the preurE sor @mGzaIQPA nd lso lrge pek t mGzaIHR is visile for PEindnoneF he width of the mGzaIHR i ell msses present in the timeEresolved mss speE tr showed the sme temE porl ehviorF pek indites tht it is formed y photodissoiE tion from the preursorF ith the pyrolysis onD the preursor pek disppersD nd mGzaIHR inE resesF he smller pek visile with pyrolysis on t mGzaIHS orresponds not only to 13 gg 7 r 8 @theE oretilly V7D mesured IS7 of mGzaIHRAD ut lso ontins g 8 r 9 F ossily g 8 r 8 strted hydroE gen tom from nother moleule during pyrolysisF herefore only the mGzaIHR pek is nlyzed in the timeEresolved mss spetrF he smll pek t mGzaWI stems from previous experiments with tropyl @see hpter UFPAF ithout pyrolysis @lk lineD (gF VFPQA QEisoE hromnone shows only very lrge pek entered with pyrolysis on and pyrolysis o for 3-isochromanone t mGzaIHRD the pek t mGzaWI gin stems from previous tropyl experimentsF yne the pyrolysis is turned on @red lineAD mGzaIHR ppers s the lrgestD shrp pek long with severl other peksF wGzaIHQ is the seond strongest pek @g 8 r 7 AD nd even mGzaIHP is lerly visileF wGzaIHS hs n intensity of IH7 ompred to mGzaIHRD nd orE responds thus to 13 gg 7 r 8 F he other mss visiE le is mGzaUUD most likely the phenyl rdilF he lrge pek indites tht it is formed y dissoitive photoioniztionF sn the following only the timeEresolved experE imentl results for PEindnone will e disussedD these re qulittively identil with the results for QEisohromnoneF Time-resolved mass spectra sn (gF VFPR monoE nd iEexponentil (t with o'set re used to (t the mGzaIHR of PEindnone @pyrolysis onAF e iEexponentil (t reprodues etE ter the dt t short timesD nd the sp is in etE ter greement with previous experimentsF he (rst timeEonstntD howeverD is muh shorter thn the PPU VFPF iewsxesyx yp y ORTHO Evvixi igy spD so we n only sy tht one timeEonstnt shorter thn the sp is involvedF Time-resolved ion images sn timeEresolved mss spetr @nd in timeEresolved photoeletron spetrAD distintion etween sigE nl from moleules in the moleulr emD signl from dissoitive photoioniztion nd moleules in the kground @leftover moleules in the detetion hmerA is not possileF ith ionEimges those PPV grei VF vvixi three proesses re distinguished esily @see setion SFRAF sn ion imges @(gF VFPSA gted on the mGzaIHR pyrolysis produt @of PEindnoneA the moleulr em @red oxA is out ftor of IHHH more intense thn the kground signl @yellow oxAF xo dissoE itive proesses re visileF tust s in the mss spetrD monoEexponentil (t is insu0ient to reprodue the moleulr em dey @(gF VFPTEAF e iEexponentil (t @(gF VFPTE A reprodues well the dey nd lso leds to resonle spF he signl from the kground moleules @(gF VFPTEA shows di'erent temporl ehviorF hespite it eing so noisyD it shows lerly di'erent dynmiD nmely longElived o'set fE ter monoEexponentil deyF tust s for the tropyl rdil @see hpter UFPA the o'set might stem from stle moleule with roughly the sme mssD enE zoyloutne is the most prole ndidteF Time-resolved photoelectron spectra ine the mss spetr showed predomintely only mGzaIHRD timeEresolved photoeletron spetr were mesuredF sn (gF VFPU the timeEresolved photoeletron speE trum of PEindnone is displyedD whih is E within the unertinties E identil to the timeEresolved photoeletron spetrum of QEisohromnoneF sn the upper three pnels di'erent (ts of the totl photoE eletron signl re shownF e monoEexponentil (t @upper pnelA is insu0ient t long times @V psAD iEexponentil @middle pnelA reprodues etter the experimentl dt t longer times @IP psAF he est greement is with iEexponentil (t inluding n o'set @lower pnelAF PQH grei VF vvixi Figure 8.27: Rotational mean TRPES for 2-indanone with pyrolysis on. The upper panel shows the decay summed over all photoelectron energies with a mono-exponential t; the second panel shows the decay summed over all photoelectron energies with a bi-exponential t; and the third shows a bi-exponential t with an oset. The IRF was held xed, because otherwise no meaningful t could be achieved. In the left panel the photoelectron spectrum summed over all times is displayed.

The ionization limits for ortho-xylylene (IE=7.70 eV [292] ) are de- picted in blue, those for benzocyclobutane in red (IE=8.65 eV [291] sis is very e0ientD whih is onsidering the smll tivtion rrier of PSFT klGmol @IFI eA [290] 

Conclusion

ith PTT nm enzoyloutne is exited into the 1 @ππBAEstteD whih is known to show virtionlly resolved sorption spetrum from PTWEPSV nmF his stte )uoreses s wellD nd is therefore longE lived [317] F OrthoExylylene itself does either not E PQT grei VF vvixi sor t this wvelength @in ordne with the E sorption spetrum mesured y willer et lF [294] AD or the isomeriztion of orthoExylylene to enzoyE loutne under )sh pyrolysis onditions is very e0ientF st is most likely othF he isomerizE tion from orthoExylylene to enzoyloutne hs smll tivtion rrierD so it is not surprising tht it is formed from orthoExylylene preursors during high pyrolysis temperturesF OrthoExylylene ws suessfully produed from the preursor PE indnone y using )sh photolysis [284] D where the intermedite tempertures re muh lowerF gompring omputed sorption spetr of or-thoExylylene nd enzoyloutne @(gF VFQIAD the sorption spetrum of orthoExylylene is dominted y the (rst exited stte t RHH nmF et PTT nm only very smll sorption is visile for orthoExylyleneD wheres for enzoyloutne its (rst exited stte sors very well in tht regionF iven if orthoE xylylene is reted during pyrolysisD enzoylouE tne sors etter ndD y its strong sorptionD would osure sorption orthoExylyleneF iws experiments with RHH nm with these two preursors Gaussian09 [194] PQU VFPF iewsxesyx yp y ORTHO Evvixi igy re plnned in ürzurgD to (nlly exmine orthoE xylylene using sG ion dip spetrosopyD s ws done reently with the proprgyl rdil [318] F st would lso e interesting to exmine the sme posE sily presursors in RHH nm pumpGVHH nm proe setupF sf RHH nm ts s pump lser for orthoE xylyleneD it is not surprising tht no PTT nm pumpG RHH nm proe signl ould e otinedD sine PTT nm pumps the enzoyloutneD nd RHH nm the orthoExylyleneF enother onlusion tht n e drwn from this experiment onerns the ooling of the pyrolysis produts in the moleulr emF st is likely tht enzoyloutne is formed diretly in the igEtueD nd should e ooled down in the supersoni em expnsionF fut we still oserve dey in the mss spetrD whih ws not oserved for enzoylouE tne without pyrolysisD showing tht supersoni em expnsion nnot ompletely ompenste the heting from the pyrolysis @see setion QFPAF 2 e 1 e 2 e 2 QWH QFH f 2 e 1 RHH QFI g²e 1 @QsA PIH SFWH h 2 i PPU SFR i 2 i @QpA PIPFH SFVRV p 2 e 2 @QpA PHVFW SFWQS q@QdA IWSFP TFQSH u 2 i @RpA IUUFV TFWUP v 2 e 2 @RpA IUUFQ TFWWR w@RdA IUQFP UFISV +1 e 1 ISQFV VFHT [17] F rlogenEontining rdils re ofE ten toxiD ut their preursors re hemilly inert nd hve long residene timesF enother exmple is PDQDUDVEtetrhlorodienzodioxinD rinogen onE tminnt in the heriide egent yrngeD whih ws relesed during the ietnm wr nd is still persistE ing in the environment [323] F he omustion of hzrdous wsteD whih often ontins hlorinted hydrorons [324] D n led to the formtion of the trihlormethyl rdilD s proE posed reently vi hlorine strtion of ggl 4 [325] F es one of the simpler hlorinted methyl rdil derivtivesD its kinetisD inluding the formtion from vrious preursors nd its retions with other moE leulesGrdils suh s gr 3 nd xy hve reeived onsiderle interestF hey hve een studied exE tensively over the yers [325335] F petrosopi studies of the ggl 3 rdilD howE everD re less undntF sts pyrmidl struture @g 3v A ws on(rmed y infrred spetrosopy [336] D i studies [337] nd theoretil lultions [338] F he tion hs plnr h 3h Esymmetry [322] instedF es for the exited sttes of the ggl 3 rdilD rod emission nd etween RPH nd UHH nm with mxE PQW WFIF sgrvyywirv ehsgev imum t RWH nm mesured in n eletril dishrge of ggl 4 ws ttriuted to the ggl 3 rdil [339] F his lim wsD howeverD ontestedF hree yers lter the sme uthors showed tht ggl 4 emits in the sme rnge [340] D nd suki et lF ttriuted the nd in this region to ggl 2 [341] F rints et lF exmined the photodissoition of ggl 3 with QHV nm to ggl 2 nd gl in moleuE lr emD showing tht n verge of IQ klGmol is relesed in trnsltionF hey did notD howeverD identify the eletroni stte from whih dissoition ours [326] D ut it is proly the (rst exited eleE troni stteF et lower wvelengths the sorption speE trum shows nd etween IWH nd PUH nmD pekE ing t PIH nm [320,342] F his nd exhiits onE siderle (ne strutureD ttriuted to the 2 e 1 → g ²e 1 @QsA yderg stte trnsition [319] F rious other plnr yderg sttes @summrized with other eletroni sttes of the ggl 3 rdil nd tion in tle WFIA were oserved y rudgens et lFD out of whih they extrted the diti ioniztion enE ergy VFIHW ± HFHHS e [321] F his vlue is onsiderE ly lower thn the erlier determined vlues @VFPV eA otined vi monoenergeti eletron impt [343] F prom photoeletron spetr n diti ioniztion energy of VFHT ± HFHP e ws otined [322] D whih ws reprodued y hp lultions @VFHS eA [344] F sn onlusion even though the ioniztion energy of ggl 3 is well hrterized experimentllyD its eleE troni sttes re notF his gp will therefore e losed y hrterizing the di'erent eletroni trnE sitions exmined in the literture using hhpF his will llow interprettion of timeEresolved exE periments on the 2 e 1 → g²e 1 trnsition into Qs yderg stteF PRH grei WF revyqixEgyxesxsxq ehsgev 9.1.1 Experimental he trihloromethyl rdil ws produed using pyE rolysis from the preursor romotrihloromethne @Sigma-AldrichD used without further puri(tionD see (gF WFIAD nd exmined using the ly setup @see setion SFRA with PTTGVHH nm @see setion SFRFPFIAF setion SFIAD nd seeded into the gs phse using rgon s rrier gs t P r solute pressureF QH were pplied to the ig tueF he ngle of the pump lser polriztion ws vried for the timeE resolved photoeletron spetr @pumpEproe polrE iztion prllelEprllel nd pumpEproe polrizE tion vertilEprlelAF he photoeletron spetr were inverted using the pfsex lgorithmD deys were (tted using the (t progrm s detiled in seE tion IQD the plotted unertinties orrespond to (t unertinties nd not to experimentl unertintiesF 9.1.2 Excited states of the CCl 3 radical ell lultions were performed with the progrm pkge qussinHW [194] F sn tle WFP the prmeE ters for the optimized ground stte with hp using the funtionls fQv [208211] D gewEfQv [195] nd ωfWUxh [196] with TEQIICCg@dDpAA [197] sis set re ompred to known experimentl vluesF PRI WFIF sgrvyywirv ehsgev fQv gewEfQv ωfWUxh ixp symmetry g 3v g 3v g 3v g 3v

[336] @glgglAG°IITFVP IIUFPV IIUFHQ IITFU [321] r@gglAGÅ IFUQ IFUI IFUP @glglglgAG°PHFIS IVFTV IWFSH IHFT [321] Table 9.2: Optimized geometries of the CCl 3 radical in its ground state calculated with DFT using dierent functionals (basis set: 6-311++g(d,p))

he orret symmetry is reprodued with ll three funtionlsF he glEgEgl ngle devites from the experimentl vlues only with mximl devitions of HFS 7D with the fQv funtionl performing estF he gEgl ond lengths re similr @mximl di'erene etween the di'erent funtionls of I7AD whih is not the se for the dihedrl ngleF ell three funtionls onsiderly overestimte this diE hedrl ngle ompred to the experimentl vlue @UTEWH7AF he experimentl vlues wereD howeverD otined y tking into ount ab inito ond lengthsF sn tle WFQ the exited sttes lulted with hhp [190] nd di'erent funtionls for ggl 3 re listed with their symmetry ttriutionD energyD osE illtor strength nd spin expettion vlueF por fQv nd ωfWUxh the spinEontmintion is negE ligileD only for gewEfQv the devition from the expeted vlue @HFUSA exeeds slightly IH 7F he (rst exited stte is drk for ll three funE tionlsD nd the seond exited stte symmetryE foriddenF sn moleulr oritl sheme luE lted for fQvGTEQIICCg@dDpAD displyed in (gF WFSD they orrespond to the ywyvwy nd rywyEIywy trnsitionF he thirdGfourth nd (fthGsixth exited sttes re degenertedD optilly tive nd dominted y the oritl trnsition of two eletronsF his twoEtrnsition hrter is disE ith PTT nm we exite into the thirdGfourth exE ited stteY the right sttes whih re energetilly the losest to our pump energy @energy di'erene of IFSS eAF en exittion into the (fthGsixth exited sttes is unlikelyD sine those sttes lie t lest HFU e energetilly higherF

Experimental results and Discussion

Pyrolysis on and o

es n e seen in (gF WFUD the ggl 3 rdil is produed predominntly @mGza IIUGIIWGIPIGIPQY esily identi(le vi the typil hlorine isotope intensity distriution of HFRQXHFRIXHFIQXHFHIAF he preursor ould not e oservedD the smll peks t high msses @mGzaITPGITRGITTGITVA orrespond to frggl 2 D esily identi(le s well y the typil isoE tope ptternF he smll peks t low msses @mGza UWGVIA orrespond to tomi romine @mGzaUWGVIAD the lrge peks @mGzaVPGVRG@VTAA to dihlororE ene out of dissoitive photoioniztionF he sum of these smll peks is out ftor of T weker thn the sum of the ggl 3 rdil signlD mesuring PRS WFIF sgrvyywirv ehsgev timeEresolved photoeletron spetr in ddition to timeEresolved mss spetr is thus justi(edF Time-resolved mass spectra The upper panel shows the decay summed over all photoelectron energies with a mono-exponential t; the middle panel shows the decay summed over all photoelectron energies with a bi-exponential t. In both ts the black circles correspond to the experimental data points.

In the left panel the photoelectron spectrum summed over all times is displayed. The ionization limits for CCl 3 are depicted in blue (with an ionization energy of 8.06 eV [322] ) PRV grei WF revyqixEgyxesxsxq ehsgev iztion of the pump lser ws vried etween horE izontl nd prllelF pirst the timeEresolved phoE toeletron spetrum of the rottionl men will e disussed @@ignl parallel CPBignl ortho AGQAD then the rottionl nisotropy in the photoeletron spetrum will e tretedF sn (gF WFIH the rottionl men of the timeE resolved photoeletron spetrum is displyedF he photoeletron spetrum summed over ll times is displyed in the left pnelD the ioniztion limits re displyed s lue linesF hree peks with the sme distne to their respetive ioniztion limit re visiE le @see the lk rrowsAD one for ICQ9D ICR9 nd ICS9 signl @for ICS9 it is very wek nd hrdly visileAF his distne to the mximum of the pek is HFQW e @QIRSFT m -1 AD ut the peks themselves re quite lrgeF rorn nd foshwin lulted the virtionl struture of the (rst nd of the photoeletron speE trum of ggl 3 for oneEphoton ioniztion from the ground stte nd pulished ll the virtionl term energies nd the orresponding prnkEgondon fE tors [345] F he prnkEgondon spetrum is inlid in (gF WFIIF he oserved nds re well reproduedD even though the ssumed temperture of IH u is unrelisti with pyrolysis @see setion QFPA nd even though we ionize in multiphoton proess insted of oneEphoton proessF he upper pnel shows the dey of the totl photoeletron intensityF st n e (tted using only one timeEonstnt @τ 1 aUH ± T fsA just s the mss spetrum ggl 3 @nd frggl 2 A signlD though the oserved timeEonstnt is slightly longerF e monoE exponentil (t loneD howeverD does not reprodue the 9shoulder9 round HFR psF pitting it using iE exponentil (t @see middle pnel in (gFWFIHA reproE PRW The lines are convoluted with a Gaussian function.

Figure 9.12: Normalized decays for dierent peaks (in eV) for the rotational mean TRPES dues well the whole dey nd leds to more resonle (rst time onstnt @τ 1 aRT ± V fsAF umE ming over ll energiesD howeverD is not resonleF vooking losely t the PhEmp of the iD not ll photoeletron nds show the sme temporl ehviorF vooking t the temporl evolution of the di'erent peksD the pek round HFS e in (gF WFIH shows n o'setF heys for di'erent integrtion zones re shown in (gF WFIPD the gry line orE responds to the totl photoeletron signl s disE PSH grei WF revyqixEgyxesxsxq ehsgev plyed in the upper pnel in (gF WFIHF he shoulE der etween HFQEHFR ps omes from omintion of the slow photoeletrons @eue `HFPW eD A nd of the pek etween HFRPEHFUR e @ AF his one shows smll o'setD though no ner s lrge s the o'set seen in the romine signl @(gF WFWAF his is proly due to n overlp of the romine signl nd the ggl 3 signlD whih inreses the utoorE reltion signlF fromine hs n ioniztion energy of IIFVIQVI e [346] F iight VHH nm photons @or ICS9GPCP9A re neessry to ionize romine nd would give mximl exess energy of HFSU e E whih orreE sponds extly with the position of the o'set ndF he oserved romine signl therefore origintes eiE ther from ICS9 or from PCP9 proess nd not out of photodissoition from frggl 2 F vooking t the exited sttes of tomi romine [347] D there is no stte exitle with only one PTT nm @ QU SWR m -1 A photon @the (rst exited stte 2 0 1/2 a Q TVS m -1 Y the next t 4 5/2 a TQ RQT m -1 AF ith two PTT nm photons @ US IUI m -1 AD howeverD two sttes re energetilly loseD the 4 0 3/2 stte a US HHWFIQ m -1 @PTTFTT nmA nd the 4 0 5/2 a UR TUPFQP m -1 @PTUFVR nmAF he spetrum of the pump lser 3/2 nd 4 0 5/2 sttesD resulting in exess enE ergies etween HFSV E HFSR eF he romine signl origintes therefore from PCP9EproessD where the romine is exited into the 4 0 3/2 nd 4 0 5/2 stteD oth longElivedF he dey from HFRPEHFUR e is therefore mixE ture of the romine nd ggl 3 signlF he deys PSI WFIF sgrvyywirv ehsgev of the other peks t higher energyD t HFTTEIFI e @ A nd PFHQEPFRQ e @ AD re ttriuted to ggl 3 onlyD nd n e (tted E in ordne with the timeEresolved mss spetr E using one very short timeEonstnt @τ 1 a RR ± S fsD sp a IHP ± S fs nd τ 1 a QU ± U fsD sp a IPV ± U fs respetivelyAF Rotational Anisotropy e positive rottionl nisotropy is oserved in the i @see (gF WFIRAF his rottionl nisotropy to points with no experimental intensity is omintion of nisotropy in the energy spetr nd in the temporl deyF he oserved intensity is signi(ntly lower if the pump lser is polrized orthogonlly with respet to the proe lserF he ngles were not vried for the mss spetrD so no onlusion s to the rottionl nisotropy in the mss spetr deys n e mdeF he dey of the rottionl nisotropy @(gF WFISA n e (tted with monoEexponentil deyD showing hnge in eletroni hrterF his lso indites tht the exited stte presents some symmetryF he thirdGfourth initilly exited PSP grei WF revyqixEgyxesxsxq ehsgev sttes @see (gF WFPA show deresing eletron density in pElike oritls going out of plne entered on the hlorine tomsD nd inresing eletron density on the entrl ron tom nd on three @twoA hlorine toms in plneF sn the ontext of moleulr orE itl sheme @see (gF WFSA oth show exittion into wy PWD whih shows outEofEthe plne symmetryF st is thus not surprising tht rottionl nisotropy is visileF 9.1.4 Interpretation ith PTT nm we exite into the thirdGfourth iniE tilly exited sttesD whih show rottionl nisotropyF he initilly exited sttes relx vi onil interE setion into lowerElying eletroni stteD the deE posited wvepket moves out of the prnkEgondon regionF his hnge of eletroni hrter is reE )eted in the rottionl nisotropyF he di'erent ioniztion ross setions of the di'erent eletroni sttes n e understood following the uoopmn9s theoremX he ioni ground stte should hve the eletron on(gurtion of ywyEIF hen the exE ited stte no longer orresponds to the ywyE vwyEtrnsitionD the ioni stte formed y the reE movl of n eletron is not the ioni ground stteF his is the se for exmple for the seond eleE troni stte in (gF WFSF ell these three di'erent formultions E onil intersetionD moveEout of the prnkEgondon regionD uoopmn9s theorem E desrie the sme relxtion proessF PSQ WFPF wyxyfywywirv ehsgev 9.2 Monobromomethyl radical es mentioned in the previous setionD hlogen toms nd hlogenEontining rdils re one of the key prtiipnts in the tlyti retions leding to strtospheri ozone destrution [348351] F fromine toms re even more e'etive t destruting ozone thn hlorine toms [352] D romine nd hlorine rdE ils even exhiit synergisti e'et whih e0E iently destroys tlytilly the ozone lyer [353,354] F he smllest hydroron rdil ontining romine tom is gr 2 frD the monoromomethyl rdE ilD whih onstitutes n importnt soure of tomi romine in the tmosphere [355] F rene the ontinE ued interest in its kinetis [354,356358] nd its speE trosopy [358368] F sn ontrst to the other hlogenEontining rdiE l ggl 3 exmined in this thesisD the gr 2 fr rdil is plnr in its ground stte [359364] nd its ionized stte [365] with g 2v symmetry for othF he propE erties of the ground stte of the gr 2 fr nion nd the rdil were exmined with ab initio methodsD yielding omputed eletron 0nity of HFWIUEHFWPU e [369] for the rdil @ompred to n experiE mentl vlue of IFH ± HFQ e [366] A nd n ioniztion energy of VFRS e [370] F sts ioniztion energy ws (rst determined experimentlly in IWSV @VFQR ± HFII eA [367] F his ws re(ned in IWVQ y endrews et lF [371] D who determined the diti @VFTI ± HFHI eA nd vertil @VFUP ± HFHI eA ioniztion energies of the monoromomethyl rdil using photoeleE tron spetrosopyF he vlue of its diti ionE iztion energy ws on(rmed y w et lF [366] F eE ently teinuer et lF [372] reexmined the monoE romomethyl rdil using mssEseletive threshold photoeletron spetrD resulting in n diti ionE PSR grei WF revyqixEgyxesxsxq ehsgev iztion energy of VFTP ± HFHI eD in ordne with the result from endrews et lF [371] F petrosopi studies of the exited sttes of the monoromomethyl rdil re still sprseF he spetrum mesured y illenve et lF [358] shows one rod nd etween PUH nd PIH nmD pekE ing t PQH nmD wheres xielsen et lF [373] meE sured nd etween QRH nd PPH nmD peking t PUH nmF heir mesured sorption spetrum looks very similr to the sorption spetrum of gr 2 fry 2 whih they mesured s wellD ontmiE ntion of their spetrum is thus likelyF illenve et lF [358] stted strongly tht gr 2 fr does de(nitely not sor t wvelengths longer thn PUH nmF he (rst (ve exited sttes were lulted usE stte energyGe @osilltor strengthA I 2 e [374] HFH P 2 e [374] RFRS@HFHVA I 2 e [374] RFVH@HFHA Q 2 e [374] SFTP@IFSQA P 2 e [374] TFWT@HFIQA Q 2 e [374] UFVU@HFHPA Table 9.4: Calculated electronic states of CH 2 Br with MRCI ing gegp nd wgs [374] @see tle WFRAF he lowest eletroni exited stte P 2 e lies t RFRS e @RFUQ e for gegpA nd hs n osilltor strength of HFHVD wheres the seond eletroni exited stte is symmetry foriddenF he third eletroni exE ited stte hs n osilltor strength higher thn oneD whih is questionleD nd lies with SFTP e @TFHI e for gegpA too high to e exited with PTT nm @RFTT eAF fromine introdues lrge spinE orit oupling e'et in the moleuleD whih mkes lultions omplitedD ut the gp etween Q 2 e nd P 2 e is still lrgeD so they n e onsiderted s seperte sttesF he dynmis of the (rst exited stte hs een exmined using trnsient resonne mn speE trosopy [368] D onluding with the support of hp lultions tht the (rst exited stte exhiits moE tion mostly long the gEfr ond in the prnkE gondon regionF e therefore looked t the fsEdyE nmis of this (rst exited stte in PTT nm pumpGVHH nm proe experimentF PSS WFPF wyxyfywywirv ehsgev 9.2.1 Experimental he monoromomethyl rdil ws exmined using the ly setup @see setion SFRA with PTT nm s the pump lser nd VHH nm s the proe lserF st ws produed vi pyrolysis t QH from romoniE tromethne @Sigma-AldrichD technical gradeD used without further puri(tionD see (gF WFITAD whih ws trnsferred into the gs phse using the soure for liquids @see setion SFIA with rgon t P r E solute kground pressureF yp dely sns were verged over P series nd i dely sns over S seriesF he proe lser ws polrized horizontllyD the polriztion of the pump lser ws vried etween horizontl nd vertil poE lriztionF he photoeletron spetr were inverted using the pfsex lgorithm s implemented in the Analyse EprogrmD (t onstnts were extrted s desried in setion IQD the plotted unertinties orrespond to (t unertinties nd not to experiE mentl unertintiesF

Results and Discussion

Pyrolysis on and pyrolysis o

es n e seen in (gF WFIU in the mss spetrum t pump proe onditionsD the romomethyl rdE PST grei WF revyqixEgyxesxsxq ehsgev Figure 9.17: Mass spectra of bromonitromethane with pyrolysis on and pyrolysis o il t mGzaWQGWS is the most intense pekD ut grfr 2 t mGzaIUQGIUSGIUU is lso formed nd is out RH7 s intense s the romomethyl rdilF foth re esily identi(le vi their typil isotopi pttern @for gr 2 frX mGza WQGWS with n intensity distriution like those of tomi romine of IXHFWVY grfr 2 X mGzaIUQGIUSGIUU with n intensity distriE ution of IXPXIAF grfr 2 ould e formed y n ddition of romine in the pyrolysis tue to the romomethyl rdil nd loss of hydrogen tomF vooking losely t the mss spetrum without pyrolysisD howeverD smll grfr 2 signl is still visileF he grfr 2 sigE nl onsequently origintes from n impurity @for exmple grfr 2 xy 2 or gr 2 fr 2 xy 2 A lredy present in the preursorF fromine @t mGzaUWGVID intensity distriution IXIA is lso visile with the pyrolysis onF he preursor is not visile neither with pyrolysis on nor o'F r 2 frgxy 2 shows dissoitive photoionE iztion to gr 2 fr + ove IHFWS e [372] D whih n e rehed with three pump photonsF his explins the wekD yet rod gr 2 fr peks visile without pyrolysisF PSU WFPF wyxyfywywirv ehsgev Time-resolved mass spectra sn (gF WFIV the timeEdey tres for gr 2 frD grfr 2 nd for fr re displyedF pitting the gr 2 fr nd grfr 2 signls using only utoorreltion @lue urveA does not reprodue the experimentl dt etween HFIEHFP ps pumpEproeEdelyF snluding one timeE onstnt τ 1 leds to good greement nd to more resonle sp @previously mesured sps were etween IHHEIPH fsD see other experiments usE ing PTTGVHH nm in this thesisAF he otined timeE onstnts re very shortD QU nd SP fs for gr 2 fr nd grfr 2 respetivelyF por gr 2 fr the di'erene etween the dey with orthogonl lser polrizE tion @ A nd prllel lser polriztion @ A is negliE gile @rotF nisotropyaEHFIAD wheres for grfr 2 it is muh more pronouned @rotF nisotropyaCHFRHAF por tomi romine signlD even though wek it is wek ompred to the gr 2 fr nd grfr 2 sigE nlsD this di'erene is even more pronouned @rotF nisotropyaHFVEIFHAF sts dynmi is lso very interE estingY on the oserved timesle it onverges to n o'set with visile dmped osilltionF e fourier trnsform revels tht this osilltion is omposed of two osilltions @∼IHH m -1 nd ∼QRH m -1 AF he tomi romine signl n hve two posE sile originsX either from free romine present in the moleulr em produed vi pyrolysisD or vi dissoition of romineEontining moleuleF everl rguments re in fvour of the ioniztion of free tomi romineX tust s in the ggl 3 experiments @see setion WFIAD tomi romine n e ionized in PCP9 resoE nnt ioniztion vi the 4 0 3/2 nd 4 0 5/2 sttes [347] F he energy di'erene etween those two sttes is QQU m -1 D whih orresponds to one of the osillE tionsF he osilltion ould therefore e prtly exE PSV grei WF revyqixEgyxesxsxq ehsgev PSW WFPF wyxyfywywirv ehsgev plined vi osilltion of the wvepket in tomi romine etween these two sttesF his phenomE en should then lso e present in the ggl 3 experiE mentsF xo virtions were oservedD ut this ould e ttriuted to n insu0ient Gx rtioF e photodissoition of romineEontining moE leule or dissoitive photoioniztion is lso posE sileF eloity mp imging tehniques n help nswer the question of the originF son imging of tomi romine ould nswer this questionD ut no ion imges of romine were reordedF fut the phoE toeletron spetrum lone should give insight into this proessF sf the tomi romine signl stems exlusively from pyrolysisD the photoeletron speE trum should exhiit nrrow nd entered t HFSRE HFSV e nlogous to the ggl 3 photoeletron speE trum @see (gF WFIHAF sn the se of dissoitive proessD rod o'set is expetedF Time-resolved photoelectron spectra sn (gF WFPH the rottionl men of the photoeleE Figure 9.19: Spectrum of the pump laser, mean of the spectra measured continously during the TRPES tron spetrum is displyedD whihD onsidering the mss spetrumD is essentilly mixture of gr 2 fr nd grfr 2 F he rottionl nisotropy in the phoE toeletron spetrum is treted lterF he timeEresolved photoeletron spetrum @left pnelA shows two rod nds entered t HFT nd HFW eD whih show the sme fst dey @see (gF WFPIAF he nd entered t HFS e shows n o'E setD whih extends over the whole energy rnge @see (gF WFPIAD whih ws not the se in the the ggl 3 photoeletron spetrumF he exittion spetrum is identil in oth ses @see (gF WFIWAF herefore the romine signl n not stem exlusively from free tomi romine produed in the pyrolysisD ut PTH grei WF revyqixEgyxesxsxq ehsgev Figure 9.20: Rotational mean time-resolved photoelectron spectra of CH 2 Br/CHBr 2 . The blue ionization limits correspond to the ioniza- tion limits of CH 2 Br (IE=8.72 ± 0.01 eV [371] ), whereas the red ionization limits correspond to the ionization limits of CHBr 2 (IE=8.40 ± 0.03 eV [371] ). The upper panels show the total photoelectron decay with dierent ts, whereas the left panel represent the photoelectron spectrum summed over all times. lso hs to stem from photodissoition proesses in the exited stte of either frgr 2 or fr 2 grF he ttriution of the peks in the photoeleE tron spetrum is reltively strightforwrdF he (rst pek t HFT e in the photoeletron spetrum in (gF WFPH is ttriuted to the photoeletron speE PTI WFPF wyxyfywywirv ehsgev Figure 9.21: Decay traces of the photoelectron spectrum over dierent energy ranges trum of gr 2 frD wheres the seond smller pek t HFW e is ttriuted to the photoeletron speE trum of grfr 2 F his is in greement with their intensities in the mss spetr @gr 2 fr X grfr 2 a PXIAF he two peks nnot orrespond to the two tomi sttes of romineD 4 0 3/2 nd 4 0 5/2 D sine they re seperted only y HFHR eF pitting the timeEdey of the totl photoeleE tron signl using only one timeEonstnt @top timeE dey tre in (gF WFPHA does not reprodue the oE served o'setF his n e orreted y inluding eiE ther n o'set @middle timeEdey tre in (gF WFPHA or y using iEexponentil dey @lower timeEdey tre in (gF WFPHAF ine the photoeletron speE trum ws reorded only up to pumpEproe dely of QFS psD (tting it using iEexponentil dey reE sults in seond timeEonstnt of τ 2 aQFT psD whih is equivlent to n o'set on the mesured timeE sleF his o'set orresponds to the mss spetrum romine signlD nd the smll monoEexponentil deE y with time onstnt of τ 1 ≈ RH fs is omprle to the time onstnt of the gr 2 fr nd grfr 2 sigE nlF e mrked osilltion is not oserved in the photoeletron spetrumD ut onsidering the relE tive intensities in the mss spetr @see (gF WFIUAD PTP grei WF revyqixEgyxesxsxq ehsgev this is not surprisingF Rotational anisotropy por the photoeletron spetr positive rottionl nisotropy @CHFSA t the utoorreltion @see (gF WFPPA is oservedD just s in the mss spetrF his is n indition tht σ stte is initilly exitedD sine the rottionl onstnts to rndomize σ E stte re very ig ompred to π stte @see (gF WFPQAF es to understnd wht hppens fter the exiE ttion of grfr 2 nd gr 2 fr with PTT nmD their exE ited sttes nd the potentil energy surfe long the gEfr ond were lulted using hhp s implemented in qussinHW [194] F 9.2.3 Excited states of the CH 2 Br radical gonerning the grfr 2 rdilD vi et lF [374] omE puted the (rst (ve eletroni exited sttes using gegp nd wgsF hey hrterized their sttes in ordne with g S symmetryD in lower symE metry thn the experimentlly on(rmed g 2v EsymE metry [359364] F sn the following the lultions of vi et lF [374] re ompred with hhp [190] lultions with the funtionls fQv [208211] D gewEfQv [195] nd ωfWUxh [196] using the E sis set TEQIICCg@dDpA [197] F sn tle WFS the geometril prmeters of hp lultions with di'erent funtionls for the ground stte re ompred with experimentl vlues oE tined from rottionl spetr [362] F he orret symmetry is otined eh time nd the greement with the experimentl vlues is exellent @Δ `I7AF sn tle WFT the (rst (ve exited sttes for the gr 2 fr PTQ WFPF wyxyfywywirv ehsgev fQv gewEfQv ωfWUxh exp [362] rdil lulted with hhp using three di'erE ent funtionls @fQvD gewEfQv nd ωfWUxhA nd the wgs lultions y vi et lF [374] re ompredF ell hhp lultions were strted from the optimized ground stteF st should e noted tht the spinEorit oupling of the romine tom is not inluded in the hhp lultionsF hese trnsitions re visulized in (gF WFPRF he displyed oritls orrespond to the optimized ground stte oritlsY the ontriution of the displyed trnsition is higher thn WS7F he exited sttes lulted with di'erent funE tionls re energetilly very loseF fut ompred to the wgs lultions they re ll lower in enE ergyF sn the hhp lultions the (rst eleE troni ground stte hs smll osilltor strengthD wheres the seond nd third exited sttes re drkF he fourth exited stte is very rightD wheres the (fth is drk ginF his is in ontrst to the wgs lultionsF heres for the (rst two exited sttes the osE illtor strength is omprleD in the wgs lE ultions the third eletroni stte is the rightE est with n osilltor strength of IFSQF foth the fourth nd the (fth exited stte hve smll osilE ltor strengthF roly in the wgs lultions the third nd fourth exited sttes re swithed s ompred to the hhp lultionsF fut even PTR grei WF revyqixEgyxesxsxq ehsgev stte fQv gewEfQv ωfWUxh wgs

[374] H 2 f 1 2 f 1 2 f 1 2 e I 2 f 1 RFHH @PFP • IH 3 D HFVHA 2 f 1 RFPU @IFW • IH 3 D HFVQA 2 f 1 RFHS @PFS • IH 3 D HFVHA 2 e RFRS @HFHVA
P 2 e 2 RFPS @HFHD HFUUA 2 e 2 RFSR @HFHD HFUVA 2 e 2 RFPS @HFHD HFUUA

2 e RFVH @HFHA Q 2 f 1 SFHW @HFHD HFVIA 2 f 1 SFRI @HFHD HFVRA 2 f 1 SFHT @HFHD HFUUA 2 e SFTP @IFSQA R 2 e 1 SFIS @TFR • IH 2 D HFUVA 2 e 1 SFRQ @TFS • IH 2 D HFUVA 2 e 1 SFPH @TFU • IH 2 D HFUUA 2 e TFWT @HFIQA
S 2 e 2 SFVT @HFHD HFVHA ³f 2 TFIR @HFHD PFTUA 2 e 2 SFVI @HFHD HFVHA 2 e UFVU @HFHPA Table 9.6: Excited states of CH 2 Br calculated with TDDFT (basis set: 6- 311++g(d,p)) using dierent functionals from optimized ground state structures, energy in eV(oscillator strength, <S> 2 ). The last column corresponds to MRCI calculations by Li et al [374] (energy in eV(<S 2 >)), they assumed a C S symmetry

for their characterization of the electronic states, even though it has been shown in literature that this molecule has C 2V symmetry [359364] .

tht does not explin why the symmetry of the fourth exited stte is e 1 in the hhp lulE tionsD whih orresponds to e9 in the g S EsymmetryF gomined with their otined osilltor strength greter thn one for the third exited stte @in onE trst to the de(nition of the osilltor strength [39] A mkes the qulity nd vlidity of the wgs trnsiE tions questionleF he hhp lultions re mostly not sigE ni(ntly spinEontmintedD sine the expettion vlue of the totl spin @idelX HFUSA di'ers from the otined vlues y less thn IH 7F he only exE eption re the (fth exited stte lulted with gewEfQvD whih is very strongly spinEontmiE ntedD nd the (rst nd third exited stte luE lted with gewEfQvD where the vlue of the totl spin slightly exeeds the IH7 limitF gewE fQv performs worse thn fQv nd wfWUxh sed on the spinEontmintionF ell trnsitionsD s displyed in (gF WFPR for fQvGTEQIICCg@dDpAD hve only one mjor ontriution @lulted s deE PTT grei WF revyqixEgyxesxsxq ehsgev tiled in the supplementry in refF QUSAF he two trnsitions with the mjor osilltor strengthD the (rst nd fourth exited stteD re ywyvwy nd rywyEPywy trnsitionsF ith respet to our hhp lultions the exittion with PTT nm is ttriuted to the fourth most intense exited stteD even though the lE ulted energy mximum is ove the energy of PTT nmaRFTT eF he lulted exittion enerE gies rnge etween SFISESFRQ eD whih orresponds to devition of IHEIT 7F ine even etween the di'erent funtionls the di'erene is out T7D the ttriution of the fourth exited stte s the iniE tilly exited stte is vlidF he exited stte difE ferene for the fourth exited stte is shown in (gF WFPSF por the fourth exited stte eletron density trnsfers from the romine tom towrds the rE on tomF o understnd the dynmis of the fourth exE ited stteD the energies of the exited sttes durE ing elongtion of the gEfr ond were lulted with fQvGTEQIICCg@dDpAF his is depited in (gF WFPUD where sttes with no osilltor strength hve symolF he gry line orresponds to the position of the optimized ground stteF trting from the optimum in the ground stte @following the gry lineAD with PTT nm the fourth exited stte is not exited in its minimumF his stte shows two minim seprted y rrier nd rosses the third exited stteD whih is dissoiE tiveF sf the wvepket were to osillte in the (rst minimumD this osilltion should lso e oserved in the gr 2 fr mss signlD whih ws not the seF sf the wvepketD howeverD osilltes in the seond minimumD gr 2 fr ould no longer e ionized due to digonl prnkEgondon ftorsF sf the oserved PTU WFPF wyxyfywywirv ehsgev osilltions in the romine mss signl were from dissoition in the exited stteD n inrese in the intensity is to e expeted @see (gF WFPTAD whih is not oservedF he fourth exited stte ould show dissoitive photoioniztionD whih explins the oserved osilE ltions in the mss spetr s well s the energetE illy rod o'set in the photoeletron spetrumF he short timeEonstnt oserved in the photoeleE tron spetrum nd in the gr 2 fr mss signl orE responds to the time it tkes for the wve pket to phse out of the prnkEgondonEregion with the ion nd towrds the minimum of the fourth exited stteF PTV grei WF revyqixEgyxesxsxq ehsgev 9.2.4 Excited states of the CHBr 2 radical o the est of our knowledgeD only few studies on the grfr 2 rdil n e found in litertureF IWWP CHBr 2

wo [370] lulted the ground stte using ab inito nd hyrid fQv hp methodF ixperimentlly it hs een oserved s PTU nm photolysis produt of romoform [376] F yrolysis ws used to produe grfr 2 D so romoform pyrolysis is negligileF fQv gewEfQv ωfWUxh symmetry g S g S g S @frgfrAG°IPHFVH IPIFHR IPHFVH r@gfrAGÅ IFVUR IFVSU IFVSV r@grAGÅ IFVHV IFHUW IFHVI @frfrrgAG°IVFVS ISFPU ITFUP tust s for the gr 2 fr rdilD the ground stte of grfr 2 ws optimized with hp @sis setX TE QIICCg@dDpAA using the three funtionls fQvD gewEfQv nd ωfWUxhF he prmeters for the optimized ground sttes re summrized in tle WFUF ell three lultions gree tht grfr 2 is pyrmidlD in ontrst to the plnr gr 2 frF he otined vlues re in good greement with those lulted y woD with exeption of the outEofE plne ngle @ @frfrrgAAD whih is higher @PSFVE QQFR°A in the lultions y wo [370] F fsed on these optimized ground sttes hhp lultions were performedD using gin the three funtionls fQvD gewEfQv nd ωfWUxhF he results re summrized in tle WFVF he (rst three exited sttes re not spinEontmiE ntedF he fourth nd (fth exited sttes re modE ertely spinEontminted @TEQQ 7AD for the fQv funtionl this ontmintion is the lowest nd exE eeds just rely the IH 7 limit @IR7 for the (fth exited stteAF righer eletroni sttes were lso lultedD those were severely spinEontmintedF he (rst three eletroni sttes hve negligile osE illtor strength for ll three funtionlsD wheres the fourth nd (fth exited stte re not only enerE getilly very loseD ut lso very rightF he trnsitions of grfr 2 re displyed in (gF WFPWD with the moleulr oritls of the optimized ground stte with fQvGTEQIICCg@dDpAF he fourth exited stte is mjorly rywyEPEywy exiE ttionD the (fth mjorly ywyEvwyCQ exE ittionF foth show onsiderle hrter from nother moleulr oritls @see tle WFWAF foth

x ontriution 7 R QUf RPe QWe RPf VS IH S QWe RPe QUf QWf VH IH Table 9
.9: Transition contributions for the fourth and fth excited state for CHBr 2 exceed- ing 10 % exited sttes re shown in (gF WFQHF ed orreE sponds to deresing eletron intensity @where they ome fromA nd lue to inresing eletron intenE PUI WFPF wyxyfywywirv ehsgev sity @where they go toAF por the fourth stte eleE tron density mostly goes towrds the ron tomD whers for the (fth exited stte eletron density lso goes to the romine tomsF ith PTT nm @RFSS A A tust s for the gr 2 fr rdil the exited stte poE tentil surfe of grfr 2 long the gEfr elongtion with fQvGTEQIICCg@dDpA @see (gF WFQIA ws exE mined s to understnd wht hppens fter exitE tion with PTT nmF he symmetry is herey rokenD while for the ground stte minim it is g s D elongE tion of the gEfr leds to g 1 EsymmetryF vines with symolize sttes with very low or zero osilltor strengthF foth the fourth nd (fth exited stte show minimum ner PFT ÅD quite fr wy from the equilirium geometry t IFW ÅF sf the wvepket osilltes in this minimumD nd the exited stte PUP grei WF revyqixEgyxesxsxq ehsgev shows dissoitive photoioniztionD it leds to n osilltion s wellF he short timeEonstnt orreE sponds to the time it tkes for the wve pket to move out of the prnkEgondon region for ionizE tion to grfr 2 F 9.2.5 Conclusion he oserved dey n e interpreted s followsX ith PTT nm gr 2 fr is exited in the (rst minE imum of the fourth exited stteD whih shows doule minim seperted y rrierF he wveE pket rpidly moves into the seond minimum nd out of the prnkEgondon regionD this orresponds to the (rst oserved timeEonstnt τ 1 ≈ SH fsF st then osilltes nd n dissoitive ioni stte n e rehed E whih orresponds to the osilltions visile in the romine mss signlF grfr 2 is lso exited in its fourth or (fth exE ited stte with PTT nmD whih show oth miniE mum fr from the equilirium geometryF he oE served timeEonstnt τ 1 ≈ RH fs orresponds to the move of the wvepket in this minimum nd out of the prnkEgondon regionF rere it osilltes nd n dissoitive ioni stte n e rehed E whih orresponds to the seond osilltion frequeny oE served in the romine mss signlF he hypothesis of dissoitive photoioniztion is in greement with the oserved o'set over the whole photoeletron insted of n o'set of the nd etween HFSREHFSV eF he rottionl nisotropy n e explined with the exited stte di'erene of the fourth exited stte for gr 2 fr @(gF WFPSA nd of the fourthG(fth exited stte of grfr 2 @(gF WFQHAX foth show symE metry out of the g s EplneD with the fourth exited stte showing nerly no eletron density in the g s E PUQ WFPF wyxyfywywirv ehsgev plneF st is thus onsistent tht oth show rotE tionl nisotropyF grfr 2 shows more rottionl nisotropy thn gr 2 frD sine its momentum of inE erti is iggerF purther experimentsD espeilly ion imging of romine re neessry s to eluidte the origin of the romineD sine with this method romine from the kground @pyrolysisA nd from dissoition proesses n e distinguishedF st would lso e interesting to exmine these dynmis on longer timesles @bQFS psAF PUR Chapter 10 Ortho-benzyne OrthoEenzyne @see (gF IHFIA is just like the xyE lylenes nother moleule with irdil resonne Structure formula of ortho-benzine strutureD nd hs fsinted mny hemists over the yers [377] F unown to every orgni hemist primrily s retive intermedite in nuleophili romti sustitution [378380] D its formtion hs even een suggested in moleulr louds like wgEI [381] s n importnt intermedite in the formtion of inE terstellr polyyli romti hydrorons [381,382] F fut during detiled serh using the qreen fnk elesope of the estrook neul @gv TIVA it hsn9t een deteted [383] F es n unimoleulr deE omposition produt of the phenyl rdil [384,385] it is lso n intermedite in the formtion of polyE yli romti hydrorons [386] F xumerous spetrosopi studies were undertken to hrterize this moleuleY inluding xw [387] D thermohemil [388,389] nd theoretil investigE tions [390400] F everl di'erent mesomeri struE tures n e formulted for orthoEenzyneD inludE ing umuleneElike strutureD triple ond struE ture nd irdiloid struture @top to ottomD (gF IHFIAF eording to xw studies the umuleneE struture @top formulA is dominnt in the liquid phse [387] F wirowve studies [401406] nd s meE surements [407,408] show tht in gs phse the triple ond struture @middle formulA domintesF sts exited eletroni sttes were hrterized in n er mtrix [409] F he eletroni sorption spetrum ws very rod nd ontins little inE formtionF pive eletroni sttes were ssigned to these overlpping sorption nds sed on semiE PUS i [409] gePh [399] ggh [398] geP [392] e ¹f 2 @σσ * A empiril vlene eletron lultions [390,409] D sumE mrized in tle IHFIF hers semiEempiril vlene eletron lulE tions [390,409] predit 1 f 2 Estte t QFPT e s the (rst exited stteD gePh predits ¹f 1 Esymmetry for the (rst exited stte t RFHQ e [399] F ggh nd gePD howeverD stte tht the (rst exited stte is of ¹e 2 EsymmetryF prom the di'erene in the symmetry nd energeti position of the (rst exE ited eletroni stte it is pprent tht lultions of the exited sttes of orthoEenzyne re due to its unusul struture nd low singletEtriplet gp y no mens trivilF he (rst eletroni stte of the orthoEenzyne tion is nerly degenerte with the tion ground stteD mesuring the ioniztion energy of the orthoE enzyne proved therefore no esy tsk [410414] F hewr nd ien [411] ttriuted three nds in the photoeletron spetrum t WFPRD WFUS nd WFVU e to the orthoEenzyneEtionF imon et lF [413] D howE PUT grei IHF ORTHO Efixxi everD ttriuted the nd t WFPR e to n impurityD nd onluded tht the (rst three peks t WFTS eD WFW e nd IHFHH e orrespond to three di'erent ioniztion proesses of orthoEenzyneD into the (rst f 1 @πAY e 2 @πA nd e 1 @σ A respetivelyF his in onE trst to the ttriution of hng nd ghen [414] D who reported to ioniztion potentils t WFHQ±HFHQ e nd WFUU±HFHQ e to the removl of n eletron of the outEofEplne πEoritls nd the inEplne σ E oritls respetivelyF he ttriution of the WFPR e nd to orthoEenzyne ws lso ontested y ghrostowsk et lF [410] D who ssigned it to enE zeneF ell these di'erent experiments to determine the ioniztion energy were not mssEseletiveD nd ontmintion y impurities re di0ult to exludeF herefore our group mesured reently the threshE old photoeletron spetrumD of orthoEenzyne mssE seletive with photoeletronEphotoion oinidene mesurements [415] F OrthoEenzyne ws produed vi pyrolysis from the preursor enzoyloutenE dioneF he ttriution of the WFPR e nd to enE zene ould e on(rmedF OrthoEenzyne showed two ioniztion energies t WFHT±HFHS e nd WFTS±HFHS eD ttriuted to the ioniztion from the πEoritls nd from the σ Eoritls respetivelyD in greement with the mesurements nd ttriutions y hng nd ghen [414] F he preursor enzoyloutenE dione showed dissoitive photoioniztion to orthoE enzyne t n pperne energy of IPFWT e [415] F he dynmis of of the eletroni sttes of or-thoEenzyne hsn9t een exmined yetD though suh knowledge is neessry to understnd its role in omustion hemistry nd to gin insight in its reE tivity under strohemil onditionsF herefore we exmined orthoEenzyne with fsEpumpEproe speE trosopy fter exittion with PTT nmF imeEresolved PUU IHFIF iiswixev mss spetr nd ion imges of ortho-benzyne were reordedD vi whih we n distinguish etween or-thoEenzyne produed in pyrolysis nd orthoEenzyne produed vi dissoitive photoioniztionF hese experiments re omplemented y lultions of the vertil nd diti exittion energies using di'erent methodsD llowing to ssign the initilly exited stte nd to interpret the oserved deyF ell lultions were rried out y hF uiser nd iF elz of the reserh group of rofF hrF ingelsF 10.1 Experimental ell desried experiments used the fsEsetup in ly @see setion SFRA with PTT nm s pump pulse nd VHH nm s proe pulse @see setion SFRFPFIAF yrthoE ith the pyrolysis o' @lk lineAD the preursor t @mGzAaIQP is not the only visile pekD ut lso produts out of dissoitive photoioniztionD nmely mGz aIHRD mGzaUT nd mGzaSH re seenF he disE soitive photoioniztion hs lredy oserved [415] nd hppens sequentillyD mening tht t low phoE ton energies enzoyloutendione loses one gy @WFQS eAD nd t higher photon energies two gy units @IPFIW eA [415] F wGzaSH is ttriuted to utE IDQEdiine @see (gF IHFRAD whih hs een proposed previously s possile frgmenttion produt of orthoEenzyne [394] F he peks visile t mGza PUW IHFPF iv exh hsgsyx IUPG IUR @IUTA with the intensity distriutions of IFSXIFHXHFP orrespond to IDIEdihloroenzoylouE tene @see (gF IHFSAD n intermediry produt in the synthesis of enzoyloutendione [415] F Figure 10.6: Overview of the dieren masses out of pyrolysis and dissociative photoionization of benzocyclobutendione and its pyrolysis products snresing the pyrolysis power to PW @green lineA leds to hnge in reltive intensities of mGzaIHR nd UTF ith pyrolysis powers t QT @red lineA the pek t mGz a IHR @enzoylopropenone [415] A hs dispperedD nd the peks hve shrpened onE siderlyY showing tht the signls ome out of the moleulr em nd not out of dissoitive phoE toioniztion proessesF enother signl t mGzaISP ppersD orresponding to the mss of the dimerF PVH grei IHF ORTHO Efixxi snresing further the pyrolysis power leds to more fvorle intensity rtio etween mGzaUT nd ISPF he struturl formul nd the di'erent formE tion possiilities for the di'erent omponents re summrized in (gF IHFTF he orthoEenzyne mss signl @mGzaUTA n therefore e formed not only vi pyrolysisD ut lso vi dissoitive photoionizE tion of the preursor nd lso out of dissoitive photoioniztion of the pyrolysis produt mGzaIHRD whih hs een identi(ed s enzoylopropenone [415] F his hs to e onsidered when interpreting the timeEresolved mss spetrD nd to distinguish those two proessesD timeEresolved ion imges of orthoE enzyne were reordedF imeEresolved photoeleE tron spetr were not reorded sine the multitude of di'erent msses would mke interprettion of these spetr miguousF he smll pek t mGzaIIPD present for ll pyE rolysis settingsD ould not e identi(edF Time-resolved mass spectra at high pyrolysis power sn (gF IHFU the sum over ll timeEresolved mss spetr t TH is displyedF futEIDQEdiine @mGz a SHAD orthoEenzyne @mGz a UTAD enzoylopropene @mGz a IHRAD hydrogen strtion produts of enE zyne @mGz a UREUSAD iphenylene @mGz a ISPA nd IDIEdihloroenzoyloutne @mGz a IUPGIURA re visileF he rodness of the pek t mGzaIIPEIIR is hint t photodissoitive ioniztion proessD ut the question remins from whih moleuleF st does not orrespond to ny intermediry produt in the synthesis of enzoyloutne [415] F he di'erE ene etween iphenylene nd the unknown mss is PVI IHFPF iv exh hsgsyx tions for orthoEenzyne with high pyrolysis @SH A shows not only signl from the moleulr em @pyE rolysisAD ut lso signl from dissoitive proesses like dissoitive photoioniztionF et lower pyrolyE sis powers @QH D (gF IHFWEA the moleulr em signl disspers nd only dissoitive photoionizE tion remins visileF hissoitive photoioniztion is lso visile in the mGzaIHR hnnel t low pyrolysis powers @QH D (gF IHFWEAD this signl ompletely disspers with high pyrolysis powerF sn (gF IHFIH the temporl evolution of the moleE ulr em signl nd dissoitive proesses t high pyrolysis powers @orresponding to the ion imge in (g IHFWEA is shownD oth re mrkedly di'erentF OrthoEenzyne out of pyrolysis @ A shows very fst deyF hile it is possile to (t the oserved signl using just qussin funtion with n sp of ISI ± Q fsD this sp is too lrge ompred with previous vlues otined in other experiments @see for exmple hpter UAF herefore orthoEenzyne shows fst dey τ 1 a QI ± V fsD whih onvoluted with n sp of IQV ± U fs reprodues the oserved dtF he dissoitive proesses show di'erent eE hviorF he temporl evolution t high pyrolysis power is well reprodued with iEexponentil deE y @see (gF IHFIIA with no visile o'setF he evoE lution of mGzaUT in the mss spetr is therefore superposition orthoEenzyne produed vi pyrolE ysis nd of orthoEenzyne produed vi dissoiE tive photoioniztionF et low pyrolysis power @orreE sponding to the evolution of the signl in (gF IHFWEA only the seond time onstnt gets longerF PVR grei IHF ORTHO Efixxi PVS IHFPF iv exh hsgsyx his is not surprisingD fster dey is expeted t higher tempertures s hs een previously oE served y xoller with styrene [139] nd lso in the se of enzoyloutne @see setion VFPFQAF sn (gF IHFW A the ion imge of mGzaIHR t low pyrolysis power is dominted y dissoitionF sts temporl evolution is shown in (gF IHFIPF pitE ting it with only the utoorreltion @ISW ± S fsA does not reprodue the experimentl points ner HFP psD whih re reprodued using monoEexponentil dey @τ 1 a SR ± S fsD spaIPT ± S fsAF his short dey is surprisingD sine the dey of the orthoEenzyne signl from dissoitive photoionizE tion shows iexponentil deyF roly only the initlly exited stte of the preursor shows dissoitive photoioniztion to the mGzaIHR hnE nelD wheres the lower hnnels nd the initlly exE ited sttes show dissoitive photoioniztion to the mGzaUT hnnelF PVT grei IHF ORTHO Efixxi 10.3 Excited States of ortho-benzyne hih stte is initilly exited with PTT nmc he vertil exittion energies of the (rst four exited stte of orthoEenzyne lulted with di'erent methE ods re summrized in tle IHFQF ωfWUxh ggP ge@PA @IHEIHA 1 e 2 QFWT @xA RFHS @QFSPA HFH RFIH @QFRWA

1 f 1 RFIT @QFIPA RFIH @QFRWA IFR • IH 3 RFIU @QFTVA 1 e 1 SFTU @SFQRA SFPT @xA UFU • IH 3 RFWR @xA 1 f 2 RFUT @RFHSA SFIS @xA PFP • IH 2 SFPQ @RFSTA
Table 10.3: Vertical (adiabatic) excitation energies of the rst four excited states of ortho-benzyne in eV with dierent computational methods.

x symbolizes calculations that did not converge for that state/method. Oscillator strengths are given for the CC2 calculations in square brackets. ell lultions were rried out y hF uiser nd iF elz of the reserh group of rofF hrF inE gelsF he hyrid second-order approximate coupled cluster @ggPA [416] using the defPEEp [313,314] sis set ws lulted with turomole [193] D complete active space perturbation theory 2 nd order @gePA [417,418] lultions @Eph [198,199] sis setA used wyvge UFV [419] F imeEdependent PVU IHFQF igsih ei yp ORTHO Efixxi density funtionl theory @hhpA lultions with the ωfWUxh [196] funtionl @TEQIICCg@dDpA [197] E sis setA were done with qussinHW [194] F ell exitedE stte lultions strted from the optimized ground stteF ell three methods gree tht the (rst two exE ited sttes re nerly degenerteF hese orreE spond to n exittion of n eletron in the two highest πEoritlsD to ππB trnsitionF sn (gF IHFIQ moleulr oritl sheme of the πEoritls of or-thoEenzyne is displyedD the gry lines orrespond to the moleulr oritls of enzeneF hue to the triplet ond orthoEenzyne is no longer s symmetE ri s enzeneD the degenery of the πEoritls is liftedF herefore it is not surprising tht the (rst two exited sttes re energetilly very loseF he 1 e 1 EstteD whose order swithes with the 1 f 2 Estte for ge@PAD lso orresponds to ππBE exittionF he 1 f 2 Estte orresponds to σ σ BE trnsition out of the irdiloid moleulr oritlsF he (rst exited stte is drkD wheres ll other three show nonEnegligile osilltor strengthF ell these sttes re quite lose in energy nd n e rehed with PTT nm @RFTT eAD if not in vertil trnsitionD thn t lest in n diti trnsitionF st is lso interesting tht no diti exittion energy ould e otined for the 1 e 1 EstteD hintE ing tht it might e dissoitiveF he osilltor strength for the 1 f 2 Estte is one order of mgniE tude higher thn of the two lowerElying sttesD so we therefore ssume tht we initilly exite this stteD though it is proly oupled with the 1 f 1 E nd Structure formula of fulvenallene pulvenllene @see (gFIIFIA is n importnt intermeE dite in the omustion of toluene [420424] D n oE tne numer ooster in fuels [425] F st is lso inE volved in the formtion of soot [426428] nd its exE istene hs een postulted in the interstellr meE dium [429] F yver the yers it hs thus evoked onE siderle interest whih resulted in numerous studE iesD inluding mtrix isoltion studies [430] D photoE eletron spetr studies [431,432] D kineti [433] nd theoretil [434438] investigtionsF he photodisE soition dynmis of fulvenllene [59,118] to fulveE nllenyl fter exittion in the h 1 e 1 Estte with PSH nm hve een exmined reentlyF ine it is mjor photodissoition produt of the enzyl rdil [242] D nd sine therml deE omposition of toluene [219] nd of the enzyl rdiE l [429,439,440] lso led to the fulvenlleneGfulvenE llenyl rdilD we deided to exmine the femtoseE ond dynmis of these moleulesD exiting them in the sme eletroni stte s in the previous experiE mentF 11.1.1 Experimental conditions and results

pulvenlleneGfulvenllenyl were produed vi pyroE lysis from the preursor phthlide @Sigma-AldrichD used without further puri(tionD see (gF IIFPA usE ing the ly setup @see setion SFRA with the smE ple in front of the pulse vlve @see setion SFIAF he pyrolysis lone t QT ws enough to su0iently het the ovenD seeding phthlide into the gs phseF relium ws used s the rrier gs with QFH r E solute king pressureF he xye t PSH nm @see setion SFRFPFQA ws used s the pump lser nd VHH PWP grei IIF pri ytig nm s the proe lser @see setion SFRFPFIAF foth lsers were polrized horizontlly in respet to the groundF iven though the mss spetr @see (gF IIFQA showed tht fulvenllene is produedD it is not len mss spetrumF igni(nt preursor signl is still visileD s well s the loss of rgy @mGzaIHSAF his pek is very rod nd origintes most likely out of dissoitive photoioniztionD s hs een oE served in synhrotron experiments with energies highE er thn IHFS e [142] F xo fulvenlleneGfulvenllenyl signl out of dissoitive photoioniztion etween UEIQFW e ws oservedD so this signl relly origE intes from pyrolysisF he pek t mGzaUU orE PWQ IIFIF pvixevvixi responds to phenylD n impurity from previous exE periments with dizoenzeneF he di'erent mss deys represented y the retngles in (gF IIFQ show the sme temporl evolution @(gF IIFRAF ome @very noisyA dey is visileD ut overll it is quite short ompred to the instrument response funtion @spAD whih ws estimted from previous experiE ments @exF IEmethylllylD see setion TFRAF @@eA a VFUI µsD @fA a QHH nsA show tht the moleulr em @see (gF IIFSA is surrounded y 9hlo9D inditing formtion y dissoitive phoE toioniztionF he preursor for the dissoitive phoE toioniztion formtion n either e phthlideD ut sine this ws not oserved [142] etween UEIQFW eF st is more likely formed y dissoitive photoionE iztion of mGzaIHSF he temporl evolution of the moleulr em @red retngle in (gFIIFSA nd of the dissoitive photoioniztion proesses @yellow retngle in (gF IIFSD without the signl in the red retngleA is plotted in (gF IIFTF he moleulr em signl only shows utoorreltionD wheres the fulvenlleneGfulvenllenyl signl formed y disE soitive photoioniztion shows time deyF PWR grei IIF pri ytig sn onlusion lthough we ould produe fulvenlE leneD the ovserved signl ws prtilly due to dissoE itive photoioniztionF he employed solid soure soure did not permit to inrese the pyrolysis to high enough tempertures s to fully onvert our preursor to fulvenlleneGfulvenllenylF hrough timeEresolved ion imging we were le to distinE guish the fulvenlleneGfulvenllenyl signl produed y pyrolysis from the one produed vi dissoiE tive photoioniztionF ynly utoorreltion ws oE servedD though n exited stte lifetime `SH fs n not e exludedF ixited in the h 1 e 1 Estte with PSH nmD fulvenllene is known to ejet hydrogen tom [118] he nphthyl rdil hs two isomersX the IEnphthyl nd PEnphthyl rdil @see (gF IIFUAF foth re derivtives of the simplest polyyli romti hyE droron @erA nphthleneD whih is involved in the formtion of soot [10] F sn omputtionl kineti studies nphthyl rdils re inorported to E ount for the formtion of romti speies in lmE inr )mes [441] F he potentil energy surfe of their retion with moleulr oxygen hs een exE minedD showing tht the ddition of y 2 to the reE spetive rdil site is rrierEless nd leds to the formtion of nphthoxy rdils [442] F ine the nphthlene tion ws found reently in the erseus moleulr loud [443] D it is not surE prising tht the nphthyl rdils nd nphthyl tE ions re lso possile ndidte rriers of the difE fuse interstellr ndsD resulting in numer of omputtionl studies of s spetr [444,445] nd their exitedEstte energies [446] F he nphthyl nions were studied quite extenE sivelyF xeumrk et lF studied the vironi struE ture of oth rdils y doing slow photoeletron ws spetrosopy of their nionsD whih llowed them to mesure their eletron 0nities nd virE tionl frequeniesF heir determined vlue of the eletron 0nity for IEnphthyl is in good greement with erlier mesurements y vineerger et lF usE ing negtive ion photoeletron spetrosopy [447] F he IEnphthyl hs hs higher eletron 0nity thn the PEnphthyl isomer [448] D in greement with erlier lultions [449] F xeumrk et lF lso meE sured the lowest exited stte of the nphthyl rdiE ls @QVW nm for the IEnphthyl rdil nd QUH nm for the PEnphthyl rdilA [448] F PWT grei IIF pri ytig vess ler is sitution for the ground stte of the nphthyl tionsF ggh@A studies yield singlet ground sttes for oth nphthyl tionsF hese studies lso predit tht the energetilly higher lying triplet sttes re di'erent types for oth isoE mersD πσ for the IEnphthylD σ σ 9 for the PEnphthyl tion [450,451] F ixperimentllyD howeverD s speE tr indite triplet ground stte for oth nphthyl tions [452] nd IQR°g respetivelyF sn (gF IIFW the mss spetrum for nphthlenEIE ylmethylnitrite t di'erent pyrolysis powers is plotE tedF ith pyrolysis o' @lk lineA two peks t mGzaIPU nd mGzaISU re visileD orresponding to the IEnphthyl rdil nd the preursor EQH @proE ly xyA produt out of dissoitive photoionizE tion y IIV nmF xo preursor t mGzaIVU is visileF ith pyrolysis on the rtio etween the mGzaIPU nd mGzaISU hngesD oth peks grow more inE tenseF por higher pyrolysis powers the mGzaISU pek @preursorExyA dereses gin in intensityD inditing tht less preursor is villeF sn (gF IIFIH the mss spetrum for IEiodonphE thlene t di'erent pyrolysis powers is displyedF ith the pyrolysis o' @lk lineAD the preursor @mGzaPSRA nd lso the rdil t mGzaIPU re oth visileF he pek t mGzaISU orresponds to the preursor @nphthlenEIEylmethylnitriteA minus xyD whih ws in the soure just eforeF snresE ing the pyrolysis dereses the preursor mGzaPSR PWV grei IIF pri ytig he phenyl rdil @see (gF IIFIIA is one of the enE trl intermedites in the formtion of soot [9] nd polyyli romti hydrorons @erA [454456] Y it is the (rst romti moleule formed y the dE dition of etylene to nEg 4 r 3 [457] F por the formE tion of polyyli romti hydroron @erAElike moleules in extrterrestril onditions like ron strs it is lso one of the key prtiipnts [458,459] F he phenyl hs thus susited onsiderle interE est over the yersD resulting in studies of its kinetE is with smll inorgni moleules suh s xy [460] D glD frD gl 2 nd y 2 [461] nd orgni moleules [462] s well s in numerous spetrosopi studiesF he phenyl rdil is plnr with g 2v symmetryF he geometry of the ground stte ws hrterized vi rottionl spetrosopy [463,464] D i spetr [465,466] D infrred spetrum of the phenyl rdil in the gs phse [467,468] nd in n rgon mtrix [469,470] s well s the mn spetrum in the rgon mtrix [471] F sts sorption spetr ws mesured in queous solution [472] D in the gs phse [460,461,473,474] nd in solid rgon [475] D nd the exited sttes luE lted using di'erent methods [476478] D showing @in orderA 2 f 1 ← 2 e 1 n ← π trnsition etween SQS ERWH nm [461,474] D 2 e 1 ← 2 e 1 trnsition with λ max aPQSFI nm [474] nd 2 f 2 ← 2 e 1 trnsition with the origin t PIIFS nm [474] F sts vertil ionE iztion energy is WFPH e [479] D nerly I e ove its diti ioniztion energy VFQP ± HFHRe [480] F he 2 f 1 ← 2 e 1 trnsition ws mesured roE ttionlly resolved [454,481] nd its rottionl speE trum simulted using fQvGhEfQvGGxHUh model [482] F he dynmis of the photodissoiE tion etween PISEPTV nm to hydrogen nd orthoE QHI IIFQF rixv ehsgev enzyne were exmined y ong et lFD showing n isotropi distriution in exellent greement with uw preditions [385] F xeumrk et lF exmined the photodissoition to g 4 r 3 nd g 2 r 2 t IWQ nm [483] F he results were t (rst in disgreement with theoretil lultions [484] D ut greed lter when slightly di'erent experimentl onditions were pplied [485] F fut no informtion on the lifetime of this deE tition is knownD whih is prerequisition ofor the understnding of its dynmisF e were therefore exmined the photodissoition in the e 2 e 1 Estte with PRS nm using pumpEproe fs spetrosopyD hopE ing to oserve vi whih eletroni sttes this disE soition oursF 11.3.1 Experimental he phenyl rdil ws exmined with the fsEpumpE proe setup in ly @see hpter SFRA using the xye t PRS nm s the pump lser nd VHH nm s the proe lser @see setion SFRFPFP nd SFRFPFQAF hizoenzene @purhsed from Sigma-Aldrich nd used without further puri(tionA in the solid soure with the smple in front of the pulse vlve @see hpE ter SFIA ws used to produe the phenyl rdil usE ing pyrolysis @see (gF IIFIPAF he solid soure ws re displyed in (gF IIFIQF he phenyl rdil is the min pek with pyrolysis on @mGzaUUAD ut severl other msses re present with nonEnegligile intenE sitiesF he peks t higher msses orrespond to g 6 r 5 x 2 @mGzaIHSAD the dimer of the phenyl rdil @whih ws shown to e iphenyl [486] D mGzaISRD see (gF IIFISA nd to the preursor moleule @mGza IVPAF his indites n insu0ient pyrolysis @not ll preursor moleules re ompletely pyrrolizedA nd too high onentrtion of phenyl rdils @presE ene of iphenylAF nfortuntely the pyrolysis power ould not e inresed furtherD sine tht led to rise in the temperture of the smple ovenD nd onE sequently to more dimeriztionF et lower msses g 4 r 4 @mGzaSPA is visileF everl isomers @see (gF IIFIRA re possileD for exmple yloutdieneD QHQ IIFQF rixv ehsgev yloutyneD methyleneylopropeneD tetrhedrneD vinyletene nd uttrieneF hough we nnot distinguish in our experiments etween the di'erE ent isomersD in other experiments vinyletene ws identi(ed s omustion produt of the phenyl rdil [487] iolyl rdils @see (gF IIFIVA re isoeletroni to g 7 r 7 D whose isomers enzyl nd tropyl hve een exmined during this thesis @see hpter UAF he sixEmemered pyridini rings reD long with the (veEmemered pyrroli rings one of the min soures of nitrogen in fuelsF gomustion of these ring systems led to nitrogen oxides @xy x AD whose prodution is severely limited in severl ountries [488] sine they re pollutnts [489] F eserh on these isomers is still sprseF wkie et lF modeled experimentlly dt on the pyrolyE sis of PEpioline [490] D showing tht the deompoE sition produt PEpiolyl is not s muh resonne stilized s the enzyl rdil [491] F he pyrolyE sis of PEpioline leds to importnt formtions of soot [492] F he omustion of its isomer QEpiolineD with QEpiolyl s one of the prinipl initil deomE position routesD resemles more the omustion of toluene [493] F he lifetime of the h 1 Estte of the QE piolyl rdil hs een shown to e muh shorter thn the lifetime of the enzyl rdil h 1 stte [494] F yur group reently determined the ioniztion energies of ll three isomers using threshold photoE eletron spetrosopy [495,496] D with VFHI DUFSW nd UFUH e for REDQE nd PEpiolyl respetivelyF xo work hs een pulished so fr on the higher eletroni exited sttesD e it n experimentl or lulted sorption spetrumF fut the similriE ties nd disrepnies to the enzyl rdil should provide fsinting insight in the hnges of the eletroni struture y the nitrogen groupF e thereE fore exmined this isoeletroni moleule using pumpE proe spetrosopy with PTT nm s pump lserF QHT grei IIF pri ytig 11.4.1 Experimental diculties he QE nd PEpiolyl rdil were exmined using the ly setup @see hpter SFRA with PTT nm s pump lser nd VHH nm s proe lser @see hpE ter SFRFPFPAF hey were produed vi pyrolysis from their mine nlogues @see (gF IIFIWAD purhsed from Sigma-Aldrich nd used without further puE ri(tionF For the 2-picolylamin the soure for liquids @see hpter SFIA with helium s rrier gs t PFP r solute pressure nd pyrolysis t RH ws usedF ith VHH nm slightly foused @see (gF IIFPHAD the piolyl rdil @mGzaWPA is produed one the pyE rolysis is turned onF yther msses like pyridine IIFRF sgyvv ehsgev @mGzaUWA nd the preursor @mGzaIHVA re still presentD so only timeEdependent mss spetr were reordedF sn the upper pnel in (gF IIFPID the sum of ll reorded tofEspetr for time dely of U ps is plottedF he msses UW @pyridineA nd VH @pyriE dineCrA dominte the spetrumD the msses IHV @PEpiolylmineA nd IHW @PEpiolylmineCrA re lso very intenseF ell four peks show the sme timeEdependent ehvior @τ 1 a IQH ± RH fsD τ 2 a QFP ± HFP psD sp a IIH fsAD inditing tht pyriE dine is formed from the piolylmine y dissoiE tive photoioniztionF he smll piolyl pek shows slightly di'erent ehvior @τ 1 a ITH ± SH fsD τ 2 a PFS ± HFV psD sp a IIH fsAD ut the error rs re so lrge tht this di'erene ws not further exE ploredF fut the dey of the piolyl signl is lso iEexponentilD s oserved for the enzyl rdil with PTS nm pumpG UWV nm proeF he synthesis of nother preursorD PEpiolylethE For the 3-picolylamine two di'erent soures were usedX the soure for liquids nd the oven in front of the pulse vlve @see hpter SFIAD oth with helium s the rrier gs t PFI r solute pressure nd SP pyrolysis powerF ith the soure for liquids i he E(lter soure ws not used euse it ws not t disposition t tht timeF nd VHH nm slightly foused @(gF IIFPPAD the onE trst etween pyrolysis on nd o' is poorF he most intensive signl t mGzaUW orresponds to pyridineF ith the solid soure mounted in front of the pulse vlve new pek t mGzaWP ppers with pyrolysis on@(gF IIFPQAD whih is ttriuted to the QHW IIFRF sgyvv ehsgev QEpiolyl rdilF wounting the pyrolysis on the oven hets the oven very stronglyD using strong signl intensities hngesD nd rpid emptying of the ovenF xo timeEdependent sns ould e oE tined with the oven in front of the pulse vlve s the soureF QIH grei IIF pri ytig 11.5 Propargylene roprgylene @see (gF IIFPRD middleA is one of three Figure 11.24: C 3 H 2 isomers (from top to bottom): propadienylidene, propargylene and cyclopropenylidene stle g 3 r 2 isomersD ll three of strohemil imE portneF ropdienylidene nd ylopropenylideneD the other two isomers @(gF IIFPR top nd ottom struture formul respetivelyA hve lredy een identi(ed vi hrteristi sorption lines in the interstellr medium [497,498] F rints exist for the exE istene of proprgylene in interstellr mediumD ut its existene hs not yet een de(nitely proven [499] F he struture of proprgylene E whether it is liner or ent hinD singlet or triplet in its ground stte E ws ojet of severl theoretil inE vestigtions [500502] F his disussion ws resolved experimentlly y eurg et lFD omining sD E is nd i spetrosopyF roprgylene is iE rdil hs triplet ground stte with ent geomE etryD just s depited in (gF IIFPRD middle [503] F he diti ioniztion energy of proprgylene hs een determined reently using mss seletive phoE toeletron threshold spetr @VFWW ± HFHP eA [504] D more preise vlue thn the one determined preE viously using photoioniztion e0ieny @VFWT ± HFHR eA [505] F roprgylene loses n hydrogen tom fter exE ittion with PSH nmF his photodissoition ws exmined y qiegerih et lF using photofrgment veloityEmp imging [119] F he hydrogen distriE ution remined nerly isototropi even t high kiE neti energies of the hydrogen frgmentD whih re higher thn expeted for pure sttistil dissoE itionF xonEditi trjetory surfe hopping lultions ttriute this to predissoition in the 6 E 4 D where the triplet stte 6 is initilly exited with PSH nmF his predissoition hppens QII IIFSF yeqvixi on the fsEtime sleD severl orders of mgnitude fster thn the nsEtime resolution of the setup used y qiegerih et lFD therefore the sme proess ws exmined using fs pumpEproe spetrosopyF 11.5.1 Experiment he experiment ws rried out using the fsEpumpE proe setup in ly @see setion SFRAF roprgyE lene ws produed vi pyrolysis from the preursor dizopropyneD see (gF IIFPSF ine the preursor is unstle t room temperE ture nd deomposes fter RET hrsD dizopropyne ws freshly synthesized from N EnitrosoEN E@PEproE pinylureA eh dy prior to eh experiment 1 F st ws synthesized diretly into liquid preursor onE tiner @see setion SFIAD whih ws ooled using with n ethnolEliquid nitrogen thF he synthesis is desried in detil elsewhere [59,506] F he pump lser ws the xye t PSH nm @see setion SFRFPFQA with VHH nm s proe lser @see setion SFRFPFPAF ergon t n solute pressure of IFS r ws used s rrier gsD the pyrolysis ws kept t out QH D 1 Here again I humbly thank Engelbert Reusch for the help with the synthesis QIP grei IIF pri ytig whih ws more thn su0ient for omplete onE version of the preursor in experiments in ürzurgF e omplete onversion is quintessentil for this exE perimentD sine the dizopropyne preursor lso E sors t PSH nm [59,119] F 11.5.2 Results and Discussion sn (gF IIFPT mss spetr t pumpEproe onditions with di'erent pyrolysis powers re shownF ith pyE rolysis o' @upper treA len mss spetrum onE sisting of two peks t mGza TT nd QV is otinedF hese orrespond to dizopropyne nd proprE gylene out of dissoitive photoioniztionD whih hs een oserved efore [504] F ith the pyrolyE sis t IV @middle pnelAD some preursor is still visileF et QI pyrolysis power the preursor pek hs ompletely disppered @lower treAD ut no proprgylene pek hs pperedF snsted mny everl experimentl onditions were optimized s to otin pumpEproe rdil signlD inluding di'erent th tempertures nd rrier gses @re nd erAF he oserved mss spetr did not hngeF yn the preursor pumpEproe signl ws esily identi(leD ut with pyrolysis on this signl dispE pered nd no proprgylene signl pperedF edE justing the lser intensities lso did not llow to oE serve proprgylene signl out of pyrolysisF yne it seemed s if there ws pumpEproe proprgylene signl out of pyrolysis visile on the osillosopeD ut in the susequent timeEresolved mss spetr it ould not e reproduedF e timeEresolved mss spetr over the preursor only @no pyrolysis onA showed only utoorreltionD s is depited in (gF IIFPUF he utoorreltion is relisti for the xyeF QIR grei IIF pri ytig sn onlusion proprgylene ould not e exmE ined suessfully using fsEpumpEproe spetrosopyF he synthesis of the preursor ws suessfulD ut prodution of the rdil vi pyrolysis nd pumpE proe signl ould not e otinedF st is likely tht the dissoition of proprgylene is very fstD so tht the moleule moves out of the prnkEgondon reE gion too fst to e ionized nd to e detetle with fsEpumpEproe lser shemeF QIS Part IV Appendix QIU Chapter 12 Synthesis ell nitrite preursor synthesis were performed E ording to litertureEknown proedure [174] F sf not otherwise sttedD hemils were purhsed from the 9ghemiklienusge9 of the niversity of ürzurgF 2-Phenylethylnitrite sn IHH ml )sk equipped with dropping funE nel with pressure equlizing tue solution of IP g @IUR mmolD IFS eqA sodiumnitrite in PHFS ml wter ws ooled to H°g in n ieEthF IQFW ml @IRFIU gD IIT mmolD IFH eqA PEhenylethnol ws ddedD the )sk is overed with luminum foil to exlude lightF PTFS ml QH7 sulfuri idD prepred from PPFT ml wter nd SFQ ml onF sulfuri idD ws slowly dded vi the dropping funnel over RH minutesF xiE trose gses form nd re evuted vi the presE sure equlizing tue of the dropping funnelF efter stirring for WH min in the drk t H°gD PH ml of sline solution @PH ml wter with QFUS g xgl nd HFS g xrgy 3 A is dded vi the dropping funnel to the yellow retion mixtureF efter stirring for nE other PH minutes t room temperture the orgni nd queous phses re seprtedD the yellow orE gni phse is wshed two times with PH ml nd PS ml of sline solution @PH ml wter with QFUS g xgl nd HFS g xrgy 3 Y PS ml wter with RFT g xgl nd HFS g xrgy 3 A F Yield: IHFS g @TH7A of yellow liquid IR (ATR): no yEr pek etween QSHHEQPHH m -1 D v@g sp 2 ErA a QHTR m -1 D v@g sp 3 ErA a PWRU m -1 D v@EyExayA syn a ITRQ m -1 Dv@EyE xayA anti a ITHS m -1 QIW 2-Methyl-3-buten-1-nitrite sn PSH ml threeEneked )sk equipped with therE mometer nd re)ux ondenser with dropping funnel with pressure equlizing tue mounted on top IVFH g @PTI mmolD IFS eqA sodiumnitrite in QI ml wter ws ooled in n ieEth to H°gF IUFT ml @IS gD IUR mmolD IFH eqA QEwethylEQEutenEIEol @Sigma-AldrichD geX UTQEQPETA ws ddedD the )sk ws then overed with luminum foilF QWFU ml QH7 sulE furi idD prepred from QQFW ml wter nd UFT ml onF sulfuri idD ws slowly dded vi the dropE ping funnel over one hourF xitrose gses re formed nd re evuted vi the pressure equlizing tueF efter stirring for WH min in the drk t H°gD QH ml of sline solution @QH ml wter with SFT g xgl nd HFUS g xrgy 3 A were dded vi the dropping funE nel to the lue solutionF he phses were seprted nd the orgni phse ws wshed two times with QH nd QU ml of sline solution @QH ml wter with SFT g xgl nd HFUS g xrgy 3 Y QU ml wter with TFW g xgl nd HFWR g xrgy 3 AF Yield: IUFP g @VS7A of lueEturquoise liquidD whih is stle for out week t room tempertureF he dey n e seen visully s the solution turns green nd then yellowF IR(ATR): no yEr pek etween QSHHE QPHH m -1 D v@g sp 2 ErA a QHVU m -1 D v@g sp 3 ErA a PWVWEPWHT m -1 D v@EyExayA syn a ITRQ m -1 Dv@E yExayA anti a ISTT m -1 (Z)-3-Penten-1-ylnitrite sn IHH ml threeEneked )sk equipped with therE mometer nd re)ux ondenser with dropping funnel with pressure equlizing tue mounted on topD VFV g @IPU mmolD IFR eqA sodiumnitrite in IU ml wter ws ooled to H°g in n ieEthF WFP ml QPH grei IPF xris @UFVS gD VW mmolD IFH eqA isEQEentenEIEol @ABCRD geX UTREQVESA ws dded nd the )sk overed with luminum foilF IWFI ml QH7 sulfuri idD preE pred from IWFH ml wter nd RFPT ml onF sulfuE ri idD were slowly dded vi the dropping funnel over n hourD then stirred in the drk for WH min t H°gF IU ml of sline solution @IU ml wter with QFIQ g xgl nd HFRP g xrgy 3 A ws dded vi the dropping funnelD the phses seprted nd the yellow orgni phse ws wshed two times with IU nd IW ml of the sme sline solution @IU ml wter with QFIQ g xgl nd HFRP g xrgy 3 Y IU ml wter with PFVH g xgl nd HFQV g xrgy 3 AF Yield: UFP g @US7A of yellow liquid IR(ATR):

no yEr pek etween QSHHEQPHH m -1 D v@g sp 2 ErA a QHUU m -1 D v@g sp 3 ErA a PWWPEPWHS m -1 D v@E yExayA syn a ITRQ m -1 Dv@EyExayA anti a ISTU m -1 Naphthalen-1-ylmethylnitrite sn IHH ml )sk equipped with re)ux ondenser nd dropping funnel with pressure equlizing tue mounted on top QFQ g sodiumnitrite @RUFRmmolD IFS eqA in IP ml wter were ooled in n ieEth to H°gF SFH g @QIFT mmolD IFH eqA of nphthlenEIE ylmethnol @Sigma-AldrichD geX PPSEQPREIA ws ddedD the )sk ws then overed with luminum foilF UFTS ml QH7 sulfuri idD prepred from TFP ml wter nd IFRS ml onF sulfuri idD ws slowly dded vi the dropping funnel over ten minutesF xitrose gses form nd the solution hnges olor to whitishEyellowF efter stirring for WH min in the drkD PH ml of sline solution @QH ml wter with SFT g xgl nd HFUS g xrgy 3 A is dded vi the dropping funnelF he phses re seprted nd the QPI orgni phse is wshed one with U ml of the sline solutionF Yield: IFR g @PQ7A of yellowEornge oil 1 H-NMR (400 MHz, CDCl 3 ): ppm aTFHP @sD PrD gr 2 AD UFIIEUFRT@mD RrD gr nphthylAD UFUQE UFUV @mD PrD gr nphthylAD UFVQEUFVS@mD IrD gr nphthylA Tropyliumbromide foth the synthesis of tropyliumromide nd of diE tropyl were rried out s desried in the literE ture [507] with some minor hngesF sn threeE neked SHH ml )sk equipped with re)ux ondenser nd dropping funnel PTFI ml @PQ gD PSH mmolD IFH eqA ylohepttriene @Sigma-AldrichD geX SRREPSE PA in PHH ml dihloromethne ws ooled in n ieE th to H°gF yver QFS h solution of IPFV ml @RH gD PSH mmolD IFH eqA romine in SH ml dihloromethne ws dded under ooling vi the dropping funnelF he solvent ws removed vi rotry evportor nd the drkErown @redA oil ws heted t WH°g over PR hours t pressure `I mrF he soluE tion turns into n oherErown solidF he solid ws pestled nd wshed with dihloromethne until the dihloromethne rn lerF he oherEgreen solid ws dried for severl dys under redued pressure in n dessitorF Yield: PSFU g @QH7A 1 H-NMR (400 MHz, CDCl 3 ): ppmaWFQI @sD UrA Ditropyl sn oneEneked IHH ml round )sk SFH g @PWFP mmolD IFH eqA tropyliumromide were dissolved in RH ml wterF o the drk solution PFH g zin powder ws dded nd the solution ws shken vigorouslyF he solution turns yellowF sn wterth the soluE tion ws heted t RH°g for three hoursD the soluE QPP grei IPF xris tion turns olorlessF he solution ws then (ltered nd the queous phse extrted four times with PH ml dihloromethneF he solvent ws removedF Yield: PFIPU g @RH7A of rown rystlline solid 1 H-NMR (400 MHZ, CDCl 3 ): ppmaIFVW @sD PrD grAD SFPHESFPR @ddD RrDRFQT rzD WFSI rzD grAD TFIUETFPP @dtD RrD IHFHrzD QFI rzDgrAD TFTPETFTR @tD RrD QFIrzD grA QPQ Chapter 13 Fitting decay curves 13.1 Two-state model e two stte model of the form e τ 1 -→ fD where only e is detetleD is desried y the di'erentil equE tion λe a ! de dt @IQFIA olving this eqution leds to e@tA a e 0 e λt @IQFPA sf the physil impulse @here the two lsersA were hir deltEfuntionElike impulseD the following deE y ould e modeled very simply using this equE tionF fut in relity the physil impulseD mening the two lsersD hs qussin temporl pro(leX y@tA a fe (t)² 2σ² @IQFQA por the evolution of the mesured signl the two funtions e@tA nd y@tA need to e onvolutedF @tA a ˆ∞ 0 e@xA • y@t ! xAdx a e 0 f ˆ∞ 0 e λx • e (tx)² 2σ² dx @IQFRA he expression in the exponent is rewritten to its nonil form 

! @λx C @t ! xA 2 Pσ 2 A a @ σ 2 P λ 2 ! λtA ! @x ! t C
ˆ∞ t+σ 2 λ √ 2σ e s 2 ds a e 0 f • e ( σ 2 2 λ 2 λt) erf@ !t C σ 2 λ √ Pσ A @IQFTA a e 0 f • Λ 1 @tA he mesured signl is onsequentlyX @tA a σ 1 Λ 1 @tD λ 1 A @IQFUA
where the ftor σ 1 inorportes the sling fE tors e 0 nd fD whih represent physil prmeE ters like the ioniztion e0ieny nd the detetion e0ienyF he exponentil dey onstnt λ nd the prmeter σ re not ommonly used when deE sriing deysF wore ommonly used re the time onstnt τ 1 a 1 λ nd the fullEwidthEhlfEmximum of the lser response prw a P √ PlnPσF ine Λ 1 inorportes one exponentil funtionD dey following this model is lso referred to s monoE exponentil deyF 13.2 Three-state model olving these two di'erentil equtionsX e@tA a e 0 e λ 1 t @IQFIHA f@tA a λ 1 λ 2 ! λ 1 e 0 @e λ 1 t ! e λ 2 t A @IQFIIA he totl signl will e the sum of e@tA nd f@tAF por physil signl the sum of e@tA nd f@tA hs to e onvoluted with the qussin temporl pro(le of the lserF ine oth e@tA nd f@tA re monoE exponentil funtion nd sum of monoexponentil funtions respetivelyD for eh exponentil omE plementry error funtion nlgous to eqF IQFT is otinedF

@tA a σ 1 Λ 1 @tD λ 1 A C σ 2 Λ 2 @tD λ 1 D λ 2 A @IQFIPA
where σ 1 Gσ 2 represent di'erent sling ftorsF Λ 1 refers to the onvolution of e@tA with the qussin lser pulse nd is omposed of only one omplemenE try error funtionF Λ 2 refers to the onvolution of f@tA with the qussin lser pulse nd is omposed of two omplementry error funtions sutrted from eh otherF egin in prtie the time onE stnt τ 2 a 1 λ 2 is more ommonly used insted of λ 2 F ystems following this model re sid to exhiit iEexponentil deyD sine for f@tA two exponenE tils re requiredF -→ dD with eD f nd g detetleD gives the following three di'erentil equtionsX de dt a !λ 1 e @IQFIQA df dt a λ 1 e ! λ 2 f @IQFIRA dg dt a λ 2 f ! λ 3 g @IQFISA olving now these three equtionsX e@tA a e 0 e λ 1 t @IQFITA f@tA a λ 1 λ 2 ! λ 1 e 0 @e λ 1 t ! e λ 2 t A @IQFIUA g@tA a λ 1 λ 2 λ 2 ! λ 1 e 0 @ e λ 1 t

λ 3 ! λ 1 ! e λ 2 t λ 3 ! λ 2 A C e 0 λ 2 λ 1 @λ 3 ! λ 1 A@λ 3 ! λ 2 A
e λ 3 t @IQFIVA tust s for the threeEstte modelD the totl signl is the sum of e@tAD f@tA nd g@tA onvoluted with the qussin lser pulseF ell three sufuntions re omposed of sums of exponentilsD nd the toE tl signl is otined nlogous to the threeEstte model desried previouslyF QPV grei IQF pssxq hige gi @tA a σ 1 Λ 1 @tD λ 1 ACσ 2 Λ 2 @tD λ 1 D λ 2 ACσ 3 Λ 3 @tD λ 1 D λ 2 D λ 3 A @IQFIWA where σ 1 Gσ 2 Gσ 3 represent the di'erent sling fE torsD nd Λ 1 GΛ 2 GΛ 3 the onvolution of e@tAD f@tA nd g@tA with qussin funtionF ine g@tA inE volves three exponentils with three di'erent onE stntsD λ 1 Dλ 2 nd λ 3 D oserved signls following this model re lso re'ered to s triEexponentil deysF 13.4 State with a long lifetime en initilly exited stte e n hve long lifetime ompred to the time resolution @nsElifetimes omE pred to fsEtime resolutionAD resulting in n o'set in the dey treF fut for orret desription the qussin lser pulse hs to e onvoluted s wellD this time with the funtion e@tA a IF offset @tA a ˆ∞ 0 e@xA * y@t ! xAdx a ˆ∞ 0 e (xt)² 2σ² dx @IQFPHA solving this results gin to n error funtion offset @tA a erf@ !t √ Pσ A @IQFPIA he totl signl is onsequently @with σ offset eing sling ftorAX @tA a σ offset offset @tA @IQFPPA 13.5 Final state ionizable -→ f the mount of f isX f@tA a e 0 ! e@tA a e 0 @I ! e λt A @IQFPQA his hs to e onvoluted with the qussin of the lser pulsesD leding to

Λ final @tA a e 0 @erf@ !t √ Pσ A ! e ( σ 2 2 λ 2 λt) erf@ !t C σ 2 λ √ Pσ AA
a e 0 @ offset @tA ! Λ 1 @tAA @IQFPRA he totl signl for twoEstte model where the (nl stte is ionizle is onsequentlyX @tA a σ 1 Λ 1 @tD λ 1 A C σ final Λ final @tD λ 1 A @IQFPSA he sling ftor σ final inorportes the ft tht the sttes e nd f don9t hve the sme ionizE tion e0ienyF sndeedD were they the smeD only onstnt signl fter the lser pulses would e oservedF por threeEnd fourEstte model the resoning is the similrF por threeEstte model the following formuls re otined for g@tA nd @tAX Λ final @tA a e 0 @ offset @tA ! Λ 1 @tD λ

1 A ! Λ 2 @tD λ 1 D λ 2 AA @IQFPTA @tA a σ 1 Λ 1 @tD λ 1 A C σ 2 Λ 2 @tD λ 1 D λ 2 A C σ final Λ final @tD λ 1 D λ 2 A @IQFPUA nd for fourEstte modelX Λ final @tA a e 0 @ offset @tA ! Λ 1 @tD λ 1 A ! Λ 2 @tD λ 1 D λ 2 A ! Λ 3 @tD λ 1 D λ 2 D λ 3 AA @IQFPVA @tA a σ 1 Λ 1 @tD λ 1 A C σ 2 Λ 2 @tD λ 1 D λ 2 A C σ 3 Λ 3 @tD λ 1 D λ 2 D λ 3 AC @IQFPWA σ final Λ offset @tD λ 1 D λ 2 D λ 3 A QQH
Chapter 14 Developed Software 14.1 Anja's t decays v3.5 he solved di'erentil equtions @see setion IQA were implemented in python gui using pyqtD lE lowing fst nd visully esy (tting of deysF e sreenshot of the progrm is shown in (gF IRFIF i the utton 9vod Fevol (le9 dey dtD sved in xyxyFFF (le @x nd y s olumns with x in fsA is loded into the listidget @white reA s (tfunHD (tfunI etF sf the rdioutton 9P enE glesc9 is hekedD the xy (le is onsidered to hve the deys of orthogonl nd prllel orienttions of pumpGproe lser in the formt xy tfunc0 @ngle HA xy tfunc0 @ngle IA xy tfunc1 @ngle HAFFFF voding two ngles like thisD tivtes the 9wke the rotF men9 uttonD whih opens suwidget to luE lte the rottionl menF he seleted dt is displyed in the enter plotF ghnging the slider @e"bf"bg"bhA selets eiE ther oneEstteD twoEstteD threeEstte or fourEstte modelF e good (t onvergene requires suitle strting vlues efore pushing the utton 9(t9D whih will do lestEsqure (t sed on these strting vlE uesF he utoorreltionD the (rst timeEonstnt τ 1 nd the prw n e held (xed if the orrespondE ing rdioutton is hekedF he user hs lso the hoie of onsidering n o'setD he n hoose eE tween three optionsX 9xo y'set9D 9yo'setc9D nd 9yo'set (nl popultion9F es their nmes imply respetivelyD 9xo y'set9 onsiders tht the lst stte is drk @defultAD 9yo'setc9 just dds n o'set with no onsidertion to the mehnismD wheres 9yo'set (nl popultion9 onsiders tht the (nl QQI IRFPF vysxq Ph wesgi HFH stte is right stteF he result of the (t is given with n unertintyD if the unertinty reds ± infD the (t divergedF his mens tht either the strting vlues were not orE ret or tht the ssumed model filsF yne (ttedD new entry is dded to the listwidget with the (tted prmetersF sing the utton 9ve seleted pile9D the originl dtD the totl (t nd the popultions re sved s olumnsD the (t onstnts re sved s omments @entries strting with 5 t the eginning of the (leAF st is lso possile to tret the loded dt eE fore (ttingY to deide how mny points should e used for the seline sutrtion @using the utton 9sutrt9AD to invert the dey if it negtive @utE ton 9snvert hey9D useful for mss spetr deysA nd to normlize dey @utton 9xormlize deE y9AF sing the lst one is oligtory if two dt sets re (tted using the sme onstnts E to omE preD for exmpleD whether photoeletron dey nd timeEofE)ight mss dey show the sme temE porl ehviorF ghnging the rdioutton seletion from 9pit one dey9 to 9pit two deys9 llows to seE let two dt setsY vi the rdioutton 9pit prws seprtely9 the utoorreltion of oth n e (tE ted seprtelyF he o'set of oth grphs is lwys onsidered seprteF hould more funtionlity or di'erent deys e desiredD the python mro 9(tlssFpy9 n e usedD to implement new models sed on these preE existing onesF 14.2 Plotting 2D matrices v 0.0 his python mro is designed to help with the nlysis of photoeletron spetr s inverted y the QQP grei IRF hiivyih ypei Analyse EprogrmF e sreenshot of this python mro is shown in (gF IRFPF i the utton 9vod Qh dt9D it lods xyzE(lesD sved previously y the python mro 9mkeseverlengleFpy9F i the utton 9lod imes9D the Fhtml (leD hrterE izing the temporl dely @output y vionel9s meE suring progrmA is lodedF ith oth the 9ime9 nd 9dius9 rdiouttons hekedD lik on the 9gonvert9Eutton plots the rw xyzE(le s the midE dle grphF he time lirtion is diretly red from the 9time9 (leD wheres the energy lirtion n e hnged using the 9vod inergy glirtion9 utton nd the entries for the repeller nd extrE tor vluesF sf two ngles @orthogonl nd prllel pumpEproe lser polriztionD for exmpleA were mesuredD two entries pper in the 9htX9 listwidE get upon 9gonvert9EuttonElikY nmed ngleI nd ngleP respetivelyF eleting them will show the respetive dt in the plotF yn the right of the plot the user hs severl options for dt mnipultionF QQQ IRFPF vysxq Ph wesgi HFH he utton 9x9 multiplies the dt with the pixel vlueY the utton 9mooth9 smoothes the dtF he user n lso hoose to hnge the rnge of the zE vlues @mx nd minD zoom into x nd y n e done using the mtplotli uttons under the plot itselfAF he 9hisplyEoptions9 utton llows hngE ing the title nd xGyExis lelsF withing from the 9sntensity9 to the 9fet9 dioutton hnges mx nd minF he user hs lso the possiilE ity to orret for the kgroundD nmely for signl from pump only Gproe only signlsF his n e done either y sutrting the (rst few @defult TA dt points @wethod IAD or y hoosing xy (les onE tining the signl of pump onlyGproe only nd suE trting them seprtely from the dtF ih time the dt is hngedD new entry with the hnged dt ppers in the 9htX9 listwidgetF yn the left of the plot the user hs more optionsF he utton 9wke igh9 mkes igh mtrix of the two ngles @useful if they orrespond to left nd right irulrly polrized lightAF i the utton 9gorretfet9 n nisotropy mtrix n treted in QQR grei IRF hiivyih ypei respet to nother mtrix @eFgF the totl intensityAD setting vlues in the nisotropy mtrix to userE de(ned vlueD if the sme point in the other mtrix is under ertin vlueF he utton 9qo mke some intensity9 llows the user to dd mtriesD wheres the utton 9qo mke rotFnisotropy nd men9 lE lows the user to lulte rottionl nisotropy nd rottionl men mtrixF ih mtrix n e sved using the 9ve9 utton on the right of the 9gonvert9 uttonF e short omment on the utton 9wke um of Ph9X his opens new widget @see (gF IRFQA whih lE lows the user to sum the xyz mtrix either over the dely to disply summed photoeletron spetrum @left plotAD or to sum over ll energies to disply QQS IRFQF feiBB xyi yx swviwixesyx the totl photoeletron dey @upper plotAF he energy nd time limits n e hnged using either the sliders or y entering the numers in the respeE tive (eldF sing the uttons 9ve ime to xyFdt pile9 nd 9ve inergy to xyFdt pile9 the time deE y nd summed photoeletron spetrum n e sved respetively in xyE(leF sing the utton 9trt pitprogrm9D lener version of the enj9s (t deys is openedD nd vi the utton 9rnsfer deE y9 the user n trnsfer the dey to the progrmF st should e notedD howeverD tht this (t progrm is only useful for preliminry (ttingD sine severl funtionlities re missD moreoverD the fwhm does not orrespond to the sp @ftor of PlnPAF 14.3 pBasex** notes on implementation he omplete ode @inluding ommentsA is vilE le on requestF sn the following some ruil isE suesGmin points of the progrm re listedX pfsexBB ws implemented in python lssD lled imD short for nj imgeF sts methods inorporte ll neessry funtionlity for tretE ment of n imgeD nmely @exluding sumethE odsAX set_center (x, y)X ets the enter of n imgeF transpose(keep_center=False)X rnsposes the imge ndD if keepenteraplseD trnsposes lso the enterX symmetrize(axis='Y')X ymmetrizes the imge long given xisD either the 99 or the 99 xis in respet to the hosen enterF show()X lots grphi of the imge dtF draw_circle(r, intensity=10)X lots irle of thikness I nd with the intensity IH @defultA QQT grei IRF hiivyih ypei t rdius r from the enter draw_circle_legendre(r, c, intensity=1)X lots irle of thikness I with the intensity I @deE fultA t rdius r from the enterD the inE tensity distriution orresponds to vegendre polynomil F is list speifying the vegenE dre polynomilD exX IDHDH orresponds to 0 D HDHDI to 2 D HDHDHDHDI to 4 F draw_angles(c, r, intensity=4)X ets the pixE els orresponding to the ngle where the inE tensity of the vegendre polynomil is zero to the intensityaR @defultAF sort_data_angles_radius(rmax,c,dr=3)X orts the dt into the di'erent rdii nd ngles until the rdius rmx is rehedD depending on the vegendre polynomil D for 0 2 4 would e IDHDIDHDIF draQ spei(es the disE tne etween the rdil dt pointsF forward_Abel(f )X porwrdeel trnsforms the given dt set fF st is sed on the lgorithm of rnsen nd vw [105] s implemented in pyeel [508] F plot_cylindrical_gaussian(c, k, sigma)X lots the sis funtion entered on distne k from the enter with sigm orresponding to the squre root of the vrine of the qussin se funtionF invert_image(rmax, c, sigma=6, N=0.5, dr=3, basisfunction_le=' ')X snverts the imge sed on the vegendre polynomil nd distne etween the rdil dt points draQ @defultAF sf the sisfuntion(le remins on the deE fult vlueD new sis set will e lultedF igmaT orresponds to the stndrt deviE tion of the qussin se funtionY xaHFS deE termines tht for every seond rdil point Les radicaux sont ensuite portés dans un état excité bien défini, et ionisés avec un deuxième laser. La spectrométrie de masse à temps de vol permet une première identification de la molécule. Via des spectres de photoélectrons la molécule est caractérisée, pourvu que le spectre de masse ne montre majoritairement qu'une seule masse. Les spectres de photoélectrons ont été obtenus par l'imagerie de vitesse, permettant d'obtenir des informations sur l'état électronique du radical au moment de l'ionisation. L'imagerie de vitesse des ions permet de distinguer les ions issus d'une ionisation directe et ceux issus d'une ionisation dissociative. Pendant cette thèse un algorithme modifié de pBasex a été développé et implémenté en langage python : cet algorithme inverse des images sans interpolation des points expérimentaux. Pour des images bruitées, cet algorithme montre une meilleure performance.

Title : Excited-state dynamics of open-shell molecules

Keywords : Excited-state dynamics, mass spectroscopy, photoelectron spectroscopy Abstract : In this thesis the excited-state dynamics of radicals and biradicals were characterized with femtosecond pump-probe spectroscopy. These open-shell molecules play important roles as combustion intermediates, in the formation of soot and polycyclic aromatic hydrocarbons, in atmospheric chemistry and in the formation of complex molecules in the interstellar medium and galactic clouds. In these processes molecules frequently occur in some excited state, excited either by thermal energy or radiation. Knowledge of the reactivity and dynamics of these excited states completes our understanding of these complex processes. These highly reactive molecules were produced via pyrolysis from suitable precursors and examined in a molecular beam under collision-free conditions.

A first laser now excites the molecule, and a second laser ionizes it. Time-of-flight mass spectrometry allowed a first identification of the molecule, photoelectron spectroscopy a complete characterization of the moleculeunder the condition that the mass spectrum was dominated by only one mass. The photoelectron spectrum was obtained via velocity-map imaging, providing an insight in the electronic states involved. Ion velocity map imaging allowed separation of signal from direct ionization of the radical in the molecular beam and dissociative photoionization of the precursor. During this thesis a modified pBasex algorithm was developed and implemented in python, providing an image inversion tool without interpolation of data points. Especially for noisy photoelectron images this new algorithm delivers better results.
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  Figure 1.1: Schematic picture of the formation of soot in ames

Figure

  Figure 1.3: Examples of molecules identied in the inter-

Figure 2 . 1 :

 21 Figure 2.1: Selected possible interactions of light with a single molecule. 1 : Vibrational and rotational levels of the ground state;

Figure

  Figure 2.2: An artistic view or a conical intersection

Figure 2 . 3 :

 23 Figure 2.3: General setup of a supersonic beam experiment: 1 : Gas inlet ow; 2 : Source chamber; 3 : Pulsed valve; 4 : Pyrolysis; 5 : Supersonic molecular beam, warm molecules shown in red; 6 : Supersonic molecular beam, cold molecules shown in blue; 7 : Skimmer; 8 : Main chamber; 9 : Spectrometer

Figure 3

 3 Figure 3.1: Picture of the pyrolysis setup

Figure 3

 3 Figure 3.2: Scheme of the pyrolysis setup: 1 : Pulsed valve; 2 : Faceplate of the pulsed valve; 3 : Pyrolysis mount made out of MACOR ® ; 4 : Stainless steel electrode block consisting of an upper and lower block; 5 :Copper contacts to the DC power supply; 6 : Back plate of the electrode block; 7 : Front plate of the electrode block; 8 : SiC splits wedged between the front and back plates of the electrode block; 9 : SiC-tube; 10 : 4 screws and corresponding nuts which xate the pyrolysis mount on the pulsed valve faceplate; 11 : Gas inlet ow

Figure 3

 3 Figure 3.3: Scheme of a molecular beam.1 : Container with molecules at room temperatures; 2 : Adiabatic expansion; 3 : Skim-

Figure

  Figure 3.4: Skimmer

Figure

  Figure 3.5: Three schematic REMPI processes, [1+1], [2+1] and [2+1'] from left to right.

Figure

  Figure 3.6: Schematic model for the discussion of pump-probe spectroscopy of a molecule with GS=ground state, ES 1 /ES 2 =excited state 1/2 and IE=ionization energy

Figure

  Figure 3.7: Focalisation of the mass spectrum signal depends on the ight time

  Figure 4.1: General scheme of velocity map imaging. 1 : Ionization volume; 2 : Two laser beams; 3 : Repeller electrode; 4 : Extractor electrode; 5 : Ground electrode; 6 : Electrostatic optics; 7 : Newton spheres; 8 : Detector consisting of two MCPs and a phosphor screen (see g. 4.4); 9 : CCD camera; 10 : Picture taken by the camera; 11 : Picture after inversion

Figure 4 . 2 :

 42 Figure 4.2: Creation of electrons with dierent kinetic energies during ionization

Figure

  Figure 4.3: Schematic view of an electrostatic optics's eld lines

Figure 4 . 4 :

 44 Figure 4.4: General scheme of the mode of operation of a VMI detector. 1 : Charged particle; 2 / 3 : MCP plates in chevron setup; 4 : Phosphor screen; 5 : CCD camera

Figure

  Figure 4.5: Principle of photofragment imaging

Figure

  Figure 4.6: Isotropic image

  Figure 4.10: Intensity rela-

Figure

  Figure 4.11: Intensity distribution for the extreme cases with β=2 and β=-1

Figure 4 .

 4 Figure 4.12: Anisotropy parameters β 2 for ionization from the 1s, 2s, 3s (blue line), 2p (red solid line), 3p (red dotted line) and 3d (orange line), calculated for atomic hydrogen with the Cooper-Zare formula. Many thanks to Alexander Humeniuk for providing the python code to calculate this graph.

  Figure 4.13: Excerpt of g. 4.1. See g. 4.1 for a detailed explanation.

Figure 4 .

 4 Figure 4.14: Symmetry of the newton sphere in respect to the linearly polarized laser(in red)

Figure 4 .

 4 Figure 4.15: Radius r of the cut throught the newton sphere)

Figure

  Figure 4.16: Inversion with the Fourier-Hankel inversion leads to noise along the centerline.

Figure 4 .

 4 Figure 4.17: Principle of the basis set expansion (BASEX) method. 1 : Inverted image; 2 : Raw image; 3 : Inverted basis function; 4 : Radial cut through the inverted basis function, depicted as blue. The red functions correspond to basis functions at dierent radii; 5 : Projected basis function; 6 : Radial cut through the projected basis function, in blue. The red functions correspond to projected basis functions at dierent radii; 7 : Coecients used to adjust the projected basis functions to the raw image. The white double arrow in the images represents the symmetry axis.

Figure

  Figure 4.18: 2D second-order Legendre polynomial(top) and its projection(bottom), red corresponds to negative intensities, blue/green to positive intensities. The black arrow indicates the laser polarization axis.

Figure 4 .

 4 Figure 4.19: 2D fourth-order Legendre polynomial(top) and its projection(bottom), red corresponds to negative intensities, blue/green to positive intensities. The black arrow indicates the laser polarization axis.

Figure 4 .

 4 Figure 4.20: Sampling problem when converting the measured image from Cartesian coordinates into polar coordinates.

Figure 4 .

 4 Figure 4.21: Principle of pBasex**: a) A projected P 2 b) The

Figure

  Figure 4.22: Test image having 9 bands with the same total photoelectron counts

Figure 4 .

 4 Figure 4.24: Comparison of the sorted angles φ 0 and φ 1 for two dierent dr.

Figure 4 .

 4 Figure 4.25: Comparison of the Legendre Polynomial P 0 -contribution with dierent dr to the regular pBasex algorithm as implemented in the Analyse-program. σ is each time 2 3 • dr.

Figure 4 .

 4 Figure 4.26: Comparison of the Legendre Polynomial P 2 -contribution with dierent dr to the regular pBasex algorithm as implemented in the Analyse-program. σ is each time 2 3 • dr.

Figure 4 .

 4 Figure 4.27: Comparison of the Legendre Polynomial P 0 -contribution with dierent σ to the regular pBasex algorithm as implemented in the Analyse-program. dr is each time 1.5.

Figure 4 .

 4 Figure 4.28: Photoelectron anisotropy β 2 of the sample image displayed in g. 4.22, calculated with P 2 /P 0 . The P 2 legendre contribution is shown in the back- ground.

Figure

  Figure 4.29: An exemplary noisy image from the Kr 2 mea- surements.

Figure 4 .

 4 Figure 4.30: 2D map of the photoelectron energy as a function of the photon energy.

  Figure 4.31: SPES of Kr 2 with pBasex** and pBasex. a) Complete spectrum. b) Zoom.

  Figure 4.32: Image treatment for calibration

Figure 4 .

 4 Figure 4.34: Manual adjustment of the oxygen vibrational level positions

Figure

  Figure 4.37: Scheme for chlorine velocity map imaging calibration. The photons represented by red arrows have identical energy.

Figure 4 .

 4 Figure 4.38: Chlorine photoion image measured by C. Romanescu of the X 1 Σ + E 1 Σ + transition via the Q(1) line. The left part of the image corresponds to the raw image, the right to the inverted image (onionpeeling algorithm). Reproduced from [123] with the per-

Figure 4 .

 4 Figure 4.39: Experimental rotational spectra of H 35 Cl

Figure 4 .

 4 Figure 4.40: Splitting of the two chlorine isotopes is visible in the hydrogen mass signal.

Figure 4 .

 4 Figure 4.41: Chlorine image of the Q(1) transition. The left part is the original image, the right part the inverted (pBasex).

Figure 5 Figure

 5 Figure 5.1: Scheme of the mixing cylinder for gases: 1 : Control valve; 2 : Connection to the apparatus; 3 : Two-stage pressure regulator; 4 : Gas cylinder; 5 : Swagelok ball or control valve; 6 : Connection to rare gas/sample gas/vacuum

::

  Figure 5.5: Scheme of the source for liquids, mounted at the exterior of the apparatus: 1 : Gas inlet tube;

  Figure 5.7: Scheme of the solid source with the sample placed in a T-lter before the pulsed valve: 1 :

: 10 :

 10 Figure 5.9: Scheme of the solid source where the sample is directly under the pulsed valve: 1 : Tube of

Figure 5

 5 Figure5.12: Scheme of the solid source where the sample is mounted after the pulsed valve: 1 : Faceplate of the pulsed valve; 2 : Vespel isolating piece; 3 : Oven; 4 : Sample in a graphite pill, which has a hole in the center; 5 :

Figure 5 .

 5 Figure 5.13: Picture of the pyrolysis setup

::::

  Figure 5.14: Scheme of the pyrolysis setup: 1 : Pulsed valve; 2 : Faceplate of the pulsed valve; 3 : Pyrolysis

  Figure 5.15: Schematic overview of the apparatus in Würzburg, top view

Figure 5 .

 5 Figure 5.19: Screws to adjust the molecular beam and the window to verify its position

Figure 5 .

 5 Figure 5.20: Picture of the main chamber with the ight tube and gas cell opump on )nge in the middle of the )ight tueF foth re onneted to the sme Pfeier Vacuum Duo 10-M primry pumpF he side )nges of the ross onsists of lind )nges with mounted windowsD dye lser rriving from eh sideF e gs hmer is mounted on the lind )nge in diretion of the precision scan lser @see (gF SFISAD llowing tripling of the

Figure 5 .

 5 Figure 5.21: Scheme of the electrostatic optics in Würzburg sists of three irulr eletrodes with dimeter of VV mmD lled repellerD extrtor nd ground eletrode respetivelyF he repeller eletrode hsentrl hole with dimeter of P mmD for oth extrtor nd ground eletrode the dimeter of the entrl hole is PH mmF he moleulr em @ornge in (gF SFPIA psses through ll three holes nd is ionized y the lser @purple in (gF SFPI A etween the repeller nd the extrtor eletrodeF row this works in detil is explined in setion RF hey re mounted on polyether ether ketone @iiuA rodsD kept t distne of IS mm to eh other using iiu spersF iiu is nonEondutive polymer suitle for highEvuum pplitions[141] F

Figure 5 .

 5 Figure 5.22: Picture of the dector, a defect on the phosphorous screen is visible. It has since been changed.

Figure

  Figure 5.23: Sirah cobra Stretch dye laser usedD or the Precision Scan hye lser ws repled y Continuum Surelite solid stte lserF he Continuum Surelite SLi-10 solid stte lser hs fundmentl wvelength t IHTR nmF sing irefringent rystl the emitted lserlight is douled to SQP nm or tripled to QSS nmD or with seond irefringent rystl SQP nm is douled to PTT nmF

Figure 5

 5 Figure 5.25: Scheme of the time synchronization of the dierent elements in Würzburg with typical times for dierent channels

Figure 5 .

 5 Figure 5.29: Pictures of the source chamber onsists of round hmer with T hx PSH syEu )nges on the sidesD with one of them onneted to the min hmerF gontrry to the pprtus in ürzurgD one of the side )nges ws opened to diretly mount the soure insideF he )nge in prolongtion to the soure ws (xed to Meca2000-Vinci Technologies Emnipultor onsisting of three mirometer srewsD llowing positioning the moleulr em on the skimmerF he les for pyrolysisD thermoouple nd heting were entered into the soure hmer vi swgelok ross @see (gF SFQIAF his ross ws (xed on hx RH syEup )nge onnetion mounted on the )nge opposite to the )ngeD whih n e opened to ess the soure hmerF

Figure

  Figure 5.32: TOF detector consisting of a MCP and an anode 1

Figure

  Figure 5.34: Typical ion images. a) The molecular beam (red rectangle) b) dissociative photoionization (yellow rectangle). The green rectangle shows the background signal.

Figure

  Figure 5.35: Scheme of the Luca Laser Server, part 1 2

Figure

  Figure 5.36: Pictures of the Ampli Regenerative table

Figure 5 .

 5 Figure 5.38: Typical spectrum for the 266 nm pump laser

Figure 5 .

 5 Figure 5.39: Pictures of the generation of 266/400 nm (left picture) and of the delay line and the compressor (right picture)

Figure

  Figure 5.42: Setup for generating wavelengths around 250 nm

Figure 5 .

 5 Figure 5.44: Pictures of the NOPA (mode 250 nm)

Figure 5

 5 Figure5.47: When using the 266/800 nm or 266/400 nm setup: 3D design of the entry of the laser system 1

Figure 5 .

 5 Figure 5.49: When using the 800 nm/NOPA setup: scheme of the entries/exits of the lasers 5.4.3 Data aquisition he dt ws mesured using General Interface 3DDprogrmm written in view y vionel oisE sonF st llows mesuring photoeletronED photoionE nd mss spetrD while piloting the dely lineD the remote ontrolled shutters nd hlfEwve plteF st lso llowed simultneously mesurement of severl experimentl prmetersD like tempertureD presE sure nd the spetr of oth lsersF

Figure 6

 6 Figure 6.1: Resonance structures of the allyl, 2-methylallyl and 1-methylallyl radical, from top to bottom

Figure

  Figure 6.2: (E)-1-MA and (Z)-1-MA

Figure 6

 6 Figure 6.3: Scheme of the excited states of the 2-MA radical

Figure 6

 6 Figure 6.4: Mass spectra at pump-probe conditions for 2-MA with pyrolysis o and Pyrolysis on

  Figure 6.6: Production via pyrolysis of a) 2-methyallyl radical from 2-methyl-3-buten-1-nitrite b) 1-methylallyl radical from (Z)-3-Penten-1-ylnitrite

Figure 6

 6 Figure 6.7: Time-delay of the 2-MA mass spectra signal for 240.6 nm pump with parallel and perpendicular pump-probe laser polarizations

  Figure 6.10: Time-resolved photoelectron spectra for 240.6 nm pump wavelength reconstructed using a) the maxEntropy method and b) pBasex. In both gures the upper panel corresponds to the photoelectron signal summed over all energies, and the left panel corresponds to the photoelectron spectrum summed over all times.

Figure 6

 6 Figure 6.11: Comparison of the total photoelectron decay for the inversion methods pBasex ( ) and max-Entropy ( ) to the direct integration ( ) from the images

  Figure 6.13: Comparison of the decays of the total photoelectron intensity for the dierent wavelengths of the 2-MAligned eh dyD thus the e0ieny of the omE pression ws lso di'erent from dyEtoEdyF prom PRHFT nm to PQTFH nm the (rst nd the seond timeE onstnts shorten onsiderlyD ut PQVFH nm seems to fll out of lineF he dey for PQVFH nm isD just s the mss spetr deyD similr to PRHFT nmF his is est illustrted in (gF TFIQD where the

Figure 6 .

 6 Figure 6.15: Comparison of the photoelectron spectra for the three dierent pump wavelengths. The position of Rydberg bands (n=4,5,6,7,8,9) for a s-Rydberg state (δ=1.0) for 240.6 nm pump are shown in the background.

Figure

  Figure 6.17: Photoelectron image for 240.6 nm pump at around 300 fs

Figure 6

 6 Figure 6.19: Comparison of the photoelectron anisotropy parameter (β 2 ) for 240.6 nm pump and 236.0 nm pump, averaged between 1.1. and 1.5 eV. The positive anisotropy after the pump-probe pulse of about β 2 =1.5 can be seen, the uncertainties at earlier times are not displayed since they exceed the graph limits.

Figure 6 .

 6 Figure 6.20: Comparison of the simulated absorption spectrum (CAM-B3LYP/6-311++G, blue line) and the experimental absorption spectrum measured by Nakashima et al. [169] (red dots with gray line). The character of the electronic states with the orbital contributions of D 2 -D 5 is shown in the inlet. The black, vertical lines correspond to the contributions of each individual geometry. Reproduced from [176] and provided by K. Issler.

  Figure 6.21: Concept of the non-adiabatic dynamic calculations

Figure 6

 6 Figure 6.22: Evolution of the electronic state populations of 2-MA after being excited by a laser pulse with an energy of 5.346 eV (corresponding to the computed D 0 → D 3 transition). The laser pulse envelope is shown as gray in the background. Reproduced from [147] with the permission of AIP Publishing.

Figure 6

 6 Figure 6.23: Mechanism after excitation in the D 3 state. The orbital character of the excited states is shown as well.

Figure 6 .

 6 Figure 6.24: Comparison of the time-resolved experimental (for 236.0 nm) and the simulated normalized photoelectron intensities. The simulated intensities have been averaged over a period of 33 fs. Reproduced from [147] with the permission of AIP Publishing.

Figure 6 .

 6 Figure 6.26: Dynamics of the mass spectra signal of the 1-MA (m/z=55)

Figure 6 .

 6 Figure 6.27: TRPES of the 1-MA, the blue ionization limits correspond to the ionization energy of (E)-1-MA (IE=7.48 eV), the red ionization limits to the ionization energy of (Z)-1-MA (IE=7.59 eV).

Figure 7

 7 Figure 7.1: Resonance structures of the benzyl radical

F

  Figure 7.2: Energy diagramm of the dierent electronic states of the benzyl radical as determined in the literature, states in brackets are reassigned later in this chapter.

Figure 7 . 3 :

 73 Figure 7.3: Production of the benzyl radical via pyrolysis of phenylethylnitrite

Figure 7 . 5 :

 75 Figure 7.5: Mass spectra with pyrolysis on and pyrolysis o a) with 265/798 nm b) 265/398 nm at pump-probe conditions

Figure 7 . 6 :

 76 Figure 7.6: Decay of the mass spectrum benzyl signal for a) 265 nm pump / 798 nm probe b) 265 nm pump / 398 nm probe. corresponds to the benzyl signal, to the m/z=65 signal. Both signals were normalized.

Figure 7 . 9 :

 79 Figure 7.9: Selected traces of the time-resolved photoelectron spectrum with 265 nm pump and 798 nm probe (see g. 7.7).

Figure 7 .

 7 Figure 7.10: Comparison of the decays for dierent energy ranges for 265 nm pump and 798 nm probe pulse of the TRPES

  Figure 7.12: Comparison of the mass spectrum benzyl decay and photoelectron decay for a) 265 nm pump and798 nm probe (τ 1 = 84 ± 5 fs, τ 2 = 1.55 ± 0.12 ps, IRF=120 ± 0.01 fs) and for b) 265 nm pump and 398 nm probe (τ 1 = 89 ± 5 fs, IRF=128 ± 2 fs)

Figure

  Figure 7.13: Exemplary photoelectron image of 265 pump/398 probe. The outer circle corresponds to a pump only signal.

Figure 7 .

 7 Figure 7.15: Relevant valence orbitals of the benzyl radical calculated with CASSCF/(aug-cc-pVDZ,s-,p-Rydberg). The C 2v irreducible representations are given in brackets. Repro- duced from [212] with the permission of AIP Publishing.

  4: Excitation energies of the benzyl radical calculated with dierent methods, excitation energy in eV, oscillator strength in brackets. a) SA-9-CASSCF(7,11)+MRCI/(aug-cc-pVDZ,s-,p-Ryd) b) TD-DFT B3LYP/aug-cc-pVDZ c) SA-5-CASSCF(7,8)/(6-31G*, s-Ryd) d) EOMCCSD/aug-cc-pVDZ the greement etween the lulted ioniztion enE ergy nd the experimentl ioniztion is etterF he nonEditi dynmis on the )y luE ltions t gegpCwgs level re not fesileF sn tle UFR omputtionlly less demnding methE ods re ompred to the gegp C wgs luE ltionsF he results for fQv re shown exemplry for IUQ UFIF fixv ehsgev

Figure 7 .

 7 Figure 7.16: Potential energy scan from the Franck-Condon point (FC) to dierent conical intersections with SA-5-CASSCF(7,8)/(6-31G*, s-Ryd). The key geometries have C 2v symmetry, their bond lengths in Å are depicted above. Reproduced from [212] with the permission of AIP Publishing.

Figure 7 .

 7 Figure 7.18: Adiabatic energies along a typical trajectory, with the gray area highlighting the current electronic state. Reproduced from [212] with the permission of AIP Publishing.

Figure

  Figure 7.19: Tropyl radical (cycloheptatrienyl radical)

Figure 7 .

 7 Figure 7.21: Pyrolysis of the precursor bitropyl leads to the formation of the tropyl radical

  with 800 and 400 nm probe pulse. A positive (negative) focus correspond to a focal point behind (before) the interaction region.

Figure

  Figure 7.22: Total photoelectron decay for 266/800 nm with dierent polarizations of the pump laser in respect to the probe laser.

Figure 7 .

 7 Figure 7.25: Mono-exponential t of the decay of the m/z=91 signal with 266/800 nm pump-probe

Figure 7 .

 7 Figure 7.28: Ion image decays for 266/800 nm with dierent ts for dierent regions of interest, gated on the tropyl radical. is the decay of the tropyl radical in the molecular beam (white rectangle in g. 7.27), the dissociative processes around the molecular beam (red rectangles in g. 7.27), and the background (blue lower rectangle in g. 7.27). In a) the molecular beam is tted, in b) the background.

Figure 7 .

 7 Figure 7.29: Typical ion image of the tropyl radical with 266/400 nm and pyrolysis on

  Figure 7.30: Ion image decays for 266/400 nm with dierent ts for dierent regions of interest, gated on the tropyl radical. is the decay of the tropyl radical in the molecular beam (white rectangle in g. 7.29), the dissociative processes around the molecular beam (red rectangles in g. 7.29), and the background (blue lower rectangle in g. 7.29). In a) the molecular beam is tted, in b) the background (τ 1 = 213 ± 100 fs, IRF=133 ± 40 fs).

Figure 7 .

 7 Figure 7.32: Comparison of the decays summed over dierent parts of the photoelectron spectrum with 800 nm probe

Figure

  Figure 7.34: Anisotropy of the tropyl radical at 266/400 nm

Figure 7 .

 7 Figure 7.36: Comparison of the decays of the tropyl radical for 266 nm pump and 800 nm probe for the photoelectron experiments, the time-resolved mass spectra (tropyl radical signal m/z=91) and the photoion signal of the tropyl radical in the molecular beam.

Figure 7 .

 7 Figure 7.37: Comparison of the decays of the tropyl radical for 266 nm pump and 400 nm probe for the photoelectron experiments, the time-resolved mass spectra (tropyl radical signal m/z=91) and the photoion signal of the tropyl radical in the molecular beam.

Figure 7 .

 7 Figure 7.38: Spectrum of the pump laser

Figure

  Figure 8.1:Ortho-, meta-,

Figure

  Figure 8.2: Benzocyclobutane, an isomer of o-xylylene

  Figure 8.3: Known electronic states of the ortho-xylylene, see

  Figure 8.4: Known electronic states of the para-xylylene, seetable 8.2

Figure 8 . 5 :

 85 Figure 8.5: Production of para-xylylene by pyrolysis of [2.2]paracyclophane

Figure

  Figure 8.7: Paracyclophane pyrolysis on versus pyrolysis o at pump-probe conditions for a)

  Figure 8.8: Mono-exponential t of the m/z=104 signal of the TOF decay with a) 800 nm probe and b) 400 nm probe. represent the experimental points for m/z=104, of m/z=103 and of m/z=78.

Figure

  Figure 8.9: Scheme for the excitation of para-xylylene with 800 nm

Figure

  Figure 8.10: Fitting both the para-xylylene signal (m/z=104, ) and m/z=103 ( ) with the model depicted in g. 8.9.

  Figure 8.13: Comparison between mass spectra (m/z=104, ) and photoelectron spectra (all energies,) for a) 800 nm probe and b) 400 nm probe.

Figure 8 .

 8 Figure 8.14: Comparing the decays of the photoelectron bands for 266 nm pump and 400 nm probe. All energy regions are in eV.

Figure

  Figure 8.18: Scheme for the excitation of para-xylylene with 800 nm

2

  Higher-level calculations on the excited states of the para-xylylene are currently undertaken by K. Issler of the research group of R. Mitri¢. 5: The excitation energies of the rst ve excited triplet states of para-xylylene in eV. The ground triplet state lies 1.39 eV higher in energy (B3LYP) than the ground singlet state. The major contribution(s) is given below the oscillator strength. a) 6-311++G** [197] b) Def2TZVP [313, 314] c) cc- pVDZ

Figure

  Figure 8.19: Adiabatic/vertical excitation picture of para-xylylene, the numerotation of the excited states follows the vertical excitatition energies. The cationic states (gray) are labeled with the corresponding masses of the cations.

  Figure 8.20: Production of ortho-xylylene and subsequent isomerization to benzocyclobutane by pyrolysis of a) 2-indanone and b) 3-isochromanoneother experimentl prmeters re summrized for PEindnone nd QEisohromnone in tle VFTF por the PTT nm pump em SHH mm lens ws usedD the VHH nm lser em ws folized using UHH mm lensF et lest four sns were verged for every deE yD the polriztion of the pumpGproe lser ws vried etween horizontlGhorizontl nd vertilGhoE rizontlF he spetr did not show ny rottionl nisotropyD s n e seen exemplry in (gF VFPI for the dey of the totl photoeletron signl for PEindnoneF gonsequently ll represented mesureE ments re the rottionl men @ @PBignl ortho C ignl parallel AGQAF he photoeletron spetr were inverted using the pfsex lgorithm with 0 2 4 sis set s implemented in the Analyse EprogrmD deys were (tted in the sme wy s for para E xylylene @see setion VFIAF

Figure 8 .

 8 Figure 8.22: Mass spectra at pump-probe conditions with pyrolysis on and pyrolysis o for 2-indanone

  Figure 8.24: Mono-exponential (a) or bi-exponential (b) t with osets of the m/z=104 signal of the TOF decay of 2-indanone with pyrolysis on

Figure

  Figure 8.25: Ion image of 2-indanone with pyrolysis on gated on m/z=104 with regions of interests whose decays are displayed in g. 8.26.

  Figure 8.26: Mono-exponential (a) or bi-exponential (b) t of the molecular beam decay (red square in g. 8.25) of the time-resolved ion images for m/z=104 (T(A)=9.22 μs, T(B)=300 ns), and (c) mono-exponential t with oset of the background signal (yellow square in g. 8.25).

Figure 8 .

 8 Figure 8.28: Rotational mean TRPES for benzocyclobutane with pyrolysis o. The upper panel shows the decay summed over all photoelectron energies tted with an oset; in the left panel the photoelectron spectrum summed over all times is displayed. The gray area corresponds to the photoelectron spectrum of 2-indanone with pyrolysis on. The ionization limits for benzocyclobutane (IE=8.65 eV [291] ) are depicted in blue.

Figure 8 .

 8 Figure 8.30: Comparison of the mass spectra decays of benzocyclobutane (m/z=104) at dierent pyrolysis powers. With increasing pyrolysis power the decays shorten.

Figure

  Figure 8.31: Absorption spectrum of ortho-xylylene and benzocyclobutane calculated TDDFT/B3LYP/6-311++g(d,p) using the program package

Figure 9

 9 Figure 9.1: Production of the trichlormethyl radical by pyrolysis of bromotrichloromethane

  Figure 9.3: Excited state difference for the fth (a) and sixth (b) excited states. Red corresponds to decreasing electron intensity during the transition, blue to increasing electron density.

Figure 9 Figure 9

 99 Figure 9.4: Excited state difference for the seventh excited states. Red corresponds to decreasing electron intensity during the transition, blue to in-

Figure

  Figure 9.7: Bromotrichloromethane, mass spectra with pyrolysis on and pyrolysis o

Figure 9 . 8 :

 98 Figure 9.8: Decay of the mass signal of CCl 3 (black circles) with the corresponding mono-exponential t, the decay of the mass signal of CCl 2 is depicted as gray diamonds. Both signals are normalized.

Figure 9 .

 9 Figure 9.11: Photoelectron spectrum with an inlaid Franck-Condon t, assuming a temperature of 10 K. The red-line spectra corresponds to a Franck-Condon t where all vibrational term energies are plotted with their corresponding Franck-Condon factors, for the blue-line spectra only those issued out of v=0-state are plotted.

Figure 9 .

 9 Figure 9.13: Spectrum of the pump laser, mean of the spectra measured continously during the TRPES is depited in (gF WFIQD verged over the ontinuE ously mesured spetrum during the iF he pump lser spetrum is lrge enough to reh oth the 4 0 3/2 nd 4 0 5/2 sttesD resulting in exess enE ergies etween HFSV E HFSR eF he romine signl origintes therefore from PCP9EproessD where the romine is exited into the 4 0 3/2 nd 4 0

Figure

  Figure 9.14: Rotational anisotropy, gray corresponds

Figure 9 .

 9 Figure 9.15: Mono-exponential t of the rotational anisotropy of the total photoelectron decay. The IRF was held xed for the t to converge to reasonable values.

Figure

  Figure 9.16: Scheme of production of the bromomethyl radical via pyrolysis from bromonitromethane

Figure 9 .

 9 Figure 9.18: Fitted time-decay traces of the mass signals of (in order) CH 2 Br, CHBr 2 and Br.

Figure

  Figure 9.22: Rotational anisotropy, gray corresponds to points with no experimental intensity

Figure

  Figure 9.23: CH 2 Br

Figure 9

 9 Figure 9.24: The three highest occupied and three lowest unoccupied molecular orbitals of CH 2 Br for the op- timized ground state with B3LYP/6-311++g(d,p). The colored arrows correspond to the transitions of the respective excited state, where the contribution of the respective molecular orbital is at least 95%. The colorcode is the same as in g. 9.27.

Figure 9 .

 9 Figure 9.25: Excited state difference for the fourth excited state. Red corresponds to decreasing electron intensity during the transition, blue to increasing electron density.

Figure

  Figure 9.26: Excepted intensity increase with oscillations in the bromine mass signal after photodissociation.

Figure 9 .

 9 Figure 9.27: PES of the CH 2 Br radical during elonga- tion of the C-Br bond, calculated with TDDFT/B3LYP. All other parameters were held xed. Lines with correspond to electronic states with no oscillator strength.The gray line corresponds to the equilibrium geometry in the ground state.

  Figure 9.29: The four highest occupied and three lowest unoccupied molecular orbitals of CH 2 Br for the op- timized ground state with B3LYP/6-311++g(d,p). The colored arrows correspond to the transitions of the respective excited state, where the contribution of the respective molecular orbital is at least 97% for the rst three excited states, and at least 80% for the fourth and fth excited state. The color-code is the same as in g. 9.31.

Figure

  Figure 9.30: Excited state dierence for the fourth excited state (a) and the fth excited state (b). Red corresponds to decreasing electron intensity during the transition, blue to increasing electron density.

Figure

  Figure 10.1:Structure for-

  1: Vertical excitation energies of dierent electronic states of ortho-benzyne as known in the literature (SE are the semi-empirical valence electron calculations). Revised values are presented later in the discussion.
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 10 Figure 10.2: Scheme of the production of orthobenzyne via pyrolysis of benzocyclobutendione

Figure

  Figure 10.4: Structure formula of buta-1,3-diine

Figure 10

 10 Figure 10.7: Sum over all time-resolved mass spectra with pyrolysis at 60W, the decays of m/z=76 (benzyne), m/z=112 and m/z=152 (biphenylene) are plotted in g. 10.8 out mGz a RHERPD orresponding to g 3 r 4 Eg 3 r 6 D possile frgmentF he deys of mGzaSHD UTD IIPEIIR nd ISP re shown in (gF IHFVD nd their respetive timeE onstnts re summrized in tle IHFPF he orthoEenzyne signl is well reprodued with iEexponentil dey inluding n o'setF he enE zyne hydrogen strtion produtsD howeverD show longer seond time onstnt nd no o'setF fenE zoylopropene shows just like orthoEenzyne iE exponentil dey with n o'setD though the oE served time onstnts re onsiderly longerF he lrge pek t mGzaIIR is well reprodued with monoEexponentil dey inluding n o'setFes stted previouslyD timeEresolved mss spetr do not llow to unmiguously distinguish etween produts from pyrolysis nd dissoitive photoionE iztionD nd in the se of orthoEenzyneD we hve superposition of these two proessF herefore timeE resolved ion imges of orthoEenzyne were reordedD vi whih those two proesses n e distinguishedF

Figure 10 . 9 :

 109 Figure 10.9: Ion images at zero pump-probe delay for a) obenzyne with high pyrolysis (50 W) b) o-benzyne with low pyrolysis(30 W) c) m/z=104 with low pyrolysis power(30W)

Figure 10

 10 Figure 10.10: Comparison of the decays of the ortho-benzyne ion image (m/z=76), a representative ion image at time zero is displayed in g. 10.9 a). corresponds to the decay of ortho-benzyne in the molecular beam; to the diuse dissociative photoionization signal around the molecular beam. The red line corresponds either to a Gaussian function (IRF=151 ± 3 fs) or to a very fast mono-exponential decay (IRF=138 ± 7 fs and τ 1 = 31 ± 8 fs).

Figure 10 .

 10 Figure 10.11: Fitted temporal evolution of the ion images gated on orthobenzyne (m/z=76), a representative ion image at time zero is displayed in g. 10.9 a). corresponds to the decay of ortho-benzyne in the molecular beam; to the diuse dissociative photoionization signal around the molecular beam. The signal corresponding to the diuse dissociative photoionization signal for high pyrolysis poweris tted (τ 1 = 98 ± 11 fs, τ 2 = 2.8 ± 0.3 ps, IRF=126 ± 8 fs), the blue line corresponds to the total t, the green, red and red dotted line to the population of the rst state, to the population of the second state and to the IRF respectively.

Figure 10 .

 10 Figure 10.12: Fitted temporal evolution of the ion image at m/z=104 (of all signal displayed in the representative image in g.10.9c))

Figure 10 .

 10 Figure 10.13: Molecular orbital scheme of the π-orbitals of ortho-benzyne, the grey lines correspond to the positions for benzene.

Figure

  Figure 11.1: Structure for-

Figure

  Figure 11.2: Production of fulvenallene via pyrolysis from phthalide

Figure

  Figure 11.4: Decays of the dierent masses as indicated in g. 11.3

Figure 11

 11 Figure 11.6: Decay of the PI images, with the areas of interested depicted in g. 11.5

  Figure 11.7: The two isomeric naphthyl radicals: 1naphthyl (left) and 2-naphthyl (right) radical

Figure 11

 11 Figure 11.8: Pyrolysis of naphthalen-1-ylmethylnitrite (top) and 1-iodonaphthalene (bottom) produces the 1naphthyl radical

Figure 11

 11 Figure11.9: Mass spectra for dierent pyrolysis powers of naphthalen-1-ylmethylnitrite signlD t SH it hs ompletely dispperedF he rdil signl visile with no pyrolysis stems from the nitrite preursor from previous experimentsD sine synhrotron mesurements t the wiss light soure onduted reently showed no dissoitive photoionE iztion elow IP e[453] F

Figure 11 .Figure

 11 Figure 11.12: Scheme of the production of the phenyl radical via pyrolysis of diazobenzene

F

  Figure 11.16: Temporal evolution of the mass spectrum signals of the phenyl radical and the phenyl dimer

Figure 11 .

 11 Figure 11.19: Pyrolysis of the amine precursor to produce the corresponding picolyl radical

Figure 11 .

 11 Figure 11.20: 2-Picolylamine in source for liquids, pyrolysis o and pyrolysis on

Figure 11 .

 11 Figure 11.21: Upper panel: Sum of all mass spectra recorded. Lower Panel: TOF decays for dierent masses, the intensities are normalized

Figure 11 .

 11 Figure 11.25: Pyrolysis of the precursor diazopropyne produces propargylene.

Figure 11 .

 11 Figure 11.26: Mass spectrum at pump-probe conditions at dierent pyrolysis powers

  where oth e nd f re detetleD gives following two di'erentil QPT grei

  hether it is twoED threeE or fourEstte modelD the totl mount of moleules is onstntF o for QPW IQFSF psxev ei syxsefvi twoEstte model e τ 1

Figure 14

 14 Figure 14.1: Screenshot of the the program 'Anja's t decays v3.5'

Figure 14

 14 Figure 14.2: Screenshot of the python program 'Plotting 2D matrices v0.0'

Figure 14

 14 Figure 14.3: Screenshot of the widget, which opens if the user clicks on the button 'Make Sum of 2D' in the program 'Plotting 2D matrices v0.0'
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.1: Overview of dierent reaction energies for radical precursor molecules
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	.1: Positions of the bands of molecular oxygen
	used for calibration
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	.3: Rotational constants for the X 1 Σ + and E 1 Σ + state for H 35 Cl. Te is the minimum electronic energy, Be the
	rotational constant at equilibrium and De the centrifugal con-
	stant.
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.1: Experimentally observed and previously calculated excited states of the 2-MA radical (N.A. = not attributed), the attribution will be partly revised during this chapter.
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.2: Experimentally observed bands of the 1-MA radical (N.A. = not attributed)
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	.3: Experimental conditions
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.5: Vertical excitation energies in eV (oscillator strengths in brackets for a one-photon excitation) for the ve lowest excited states of the 2-methylallyl radical. Cs symmetry was used for characterization of the excited state, values are taken from ref.

[147]

.
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.1: Overview of the dierent electronic states of the benzyl radical and its cation as determined previously in the literature, the states in brackets are reassigned during this chapter.
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	.5: Electronic states of
	the tropyl radical, N.A. means
	not attributed.
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6: Laser parameters of the tropyl experiments
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	.7: Summary of the t constants for the dierent experiments
	with 800 and 400 nm probe at m/z=91 (with the exception of the pho-
	toelectron experiments). ms=mass spectra, pe=photoelectron spectra,
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	.8: Rydberg states close to 266 nm as measured by Johnson with a two-photon transition. [264]
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	PHP
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.1: Overview of the dierent electronic states of the ortho-xylylene and its cation as can be found in the literature.
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	.4: Vertical excitation energies of the rst ve excited singlet states
	of para-xylylene in eV (oscillator strength). The major contribution is given
	below the oscillator strength. a) 6-311++G** [197] b) Def2TZVP [313, 314] c) cc-pVDZ
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8: Summary of the t constants of the mass spectrum signal m/z=104 of benzocyclobutane at dierent pyrolysis powers.
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		.1: Known electronic
	states of the CCl 3 radical and
	cation.	Energies written in
	italic correspond to estimates
	and not to experimental values
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	.7: Optimized geometries of the CHBr 2 radical in its
	ground state calculated with DFT using dierent functionals
	(basis set: 6-311++g(d,p))
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	.2: Overview of the dierent time constants out
	of the t for the mass spectra at 60W (see g. 10.7 and
	g. 10.8). If no second time-constant is listed, a mono-
	exponential t was sucient to t the data.
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