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ABSTRACT

This dissertatiomvestigates thelectronic spectroscomf a series of alkyl phenyl
ketoneradical cations and the dynamics of selective launch staties strong field regime
with tunable near infrared ultrashoasker pulses from 798m7 1550nm coupled tanass
spectrometric detectio@ur methodelies ontunablestrong fieldlaser pulses in the range
from 1150nm7 1550 nm tcadiabatically ioinize gas phase molecwdesl prepare ions
the ground ionic statedliserveas daunch statéor future excitation and controAdiabatic
ionization is capable of transferring little energy to the molecule and producing a majority
of a parent moleculaion in comparison to nonadiabatic ionization whenaultiple ionic
states can be populated with an accompanying high degree of molecular fragmeffiation
measure dynamic resonance in the low lying electronic states of the acetopheone radical
cation viapreparation of asunch state wittadiabatic ionizaon followed by a one photon
transition within a single pulse duratiarich facilitatesbond dissociatioto producethe
benzoyl ion Experiments on acetophenone homologaed derivativeslucidate the
structural dependence of the electronic resonamcksupportingab initio calculations
identify the dynamic resonance along the molecular torsional coordinate between the
ground ionic state, § and second excited state;. Post ionization excitation within the
pulse duration transfers the ground statavepacket to the Dsurface where the
wavepacket encounteaghree state conical intersection tfetilitates the preferredond
dissociation. Time resolved photodissociation experiments measure the dysmafthe
launch statdarge amplitude oscilteons and extended coherence times support the notion

that adiabatic ionization populates a majority of the ground ionic surface. Control of the



dissociation products is initiated from the launch state by varying the pump wavelength
andprobeintensity. Elimination of the @ wavepacket with a 1370 nm reveals additional
secondaryynamics that are attributed to wavepacket motion on theuBace. Finally,

the effect ofpara substitution on the acetophenone radical catierplored as a strategy

to contol the launch state wavepacket dynamics. Suppresion ofabepacket dynamics
areobserved with the addition of alkoxy groups whereas extended coherence of the launch
state dynamics approaching ~5 psliserved upotrifluoromethyl substitution. A possible

mechanisnior the extended coherendeased on coupled torsional rotisroposed



AMay my work be my prayer to yol
May my performance by praise to you
Only through your assistance can | achieve
Only by your will can | succeed
-STB

To my parents



ACKNOWLEDGMENTS

| would like to thank my advisor, Professor Robert J. Levis, for his mentorship
guidance, angroviding me withincomparablensightthroughout my graduate careand
for giving me the laboratory resourcesattack scientific problemsith a fiery freedom
| would like to thank Professor Dimitri A. Romanov and Professor Spiridoula Matsika for
theirsupport in this research and hefpime to gain a deeper understandinthefquantum
world. In addition | would like to thank Professor Eric Borguet and Professor THGmas
Weinacht fortheir additionalinsight and forbeing members on this committdevould
like to thank Dr.KatharineMoore Tibbetts forher collaboration in this researemd
Marayam Tarazkar fdwer theoretical supporfhank yai toDr. Johanan Odhner for being
a reliableresourcen the lab Thank you to the past dpresent members of the Levi®gp
for the numerousonversations abolife and science Thank you to my friends for their
intrigueand supporbver the yearsespecially Paulo, Bazil, and Ryké& special thanks to
my family for theirneverendingencouragement arwbrstant curiosityThank you to my
siblings, Chris and Chesldor their moral supportThank you to my mother foher
perennial ardor in all my doings aedcoura@gg me to achieve excetiee in every aspect
of life. Thank you to my fathelg doctor and a chemisfor initiating meinto the saences
andequipping me with a road map becomeruly successfulFinally, an extraordinary
thankyou tomy fiancé &soonto-be wife, Selendor her unwaiverindgove, patienceand
encouragmenh myacademic and professional pursuithave been fouhateto learnthe
brevity of human lifan graduate scho@ndl cannot thank enough those closest to me for

their support and especially Selena for being alongside me every step of this journey.

Vi



TABLE OF CONTENTS

Page
ABSTRACT et e e e rnns lii
DEDICATION ...ttt e e e e e e e e e e e s emnne e e e enana e e V.
ACKNOWLEDGMENTS.....ciiiiiiiiiieiieeeeeimme e eeeivvinees s ssvnnvsssseeeeee e s V]
LIST OF TABLES ... emee e Xiii
LIST OF FIGURES. ...ttt e e e e e e e s mmmeennes Xiv
CHAPTER
1. INTRODUCTION ... .ttt e e rr e e e e e enn e e e e e e e nnnmmmrnnas 1
1.1 Strong field gas phase map8EOMEetry.........cccceeeeeiiiiieeeecececciice e 1
1.2 Strong field onization nonadiabatic versusiebaticionization
(0117 0 F= U 0 01 S PP PP PP PP PP PP P PPPRRR 4
1.3Coherent ontrol in thestrong feld regime...........ccccoveiiiiiiiiiiccc e 8
1.3.1Single pulse eXPerimentS. ........couuiiiiiiiiiiiiice e 8
1.3.2 Time resolved wavepackgin@micCs...........cccccevveiiiiiiiiccceeeeeeen, 9
1.4 Scope of thiSIESErtation.............cooeiiiiiiiiiiiccc e 13
2. EXPERIMENTAL EQUIPMENT, DESIGN OF AN ULTRAFAST
OPTICAL PARAMETRIC AMPLIFIER AND EXPERIMENTAL SETUP.......... 27
2.1 OVEIVIEW. ...ttt ettt ettt et mm e e e eee e 27
2.2 EQUIPIMENL ... ittt et e e e ettt s e e e e e e et e e e e e eessmmmeees 29
2.2.1 Oscillator and regenerative amplifier.............ccccooeeiiiieeen e, 29
2.2.20ptical parametric amplification in the infrared....................... 31
2.2.2.1Design and construction of the optical parametric
AMPIITIEL. .. e 33



2.2.3 Single pulse armaump probeexperimental setups..................... 36

2.2.4 Determinationf pulse characteristics using dreency

resolved optical gating............oovvviiiiiiiiice e 39

2.2.5 Tme-of-flight mass spectrometer..............cccovvvvviieeee e, 42
2.2.5.1 Leak determination and contaminant elatnom in

the Mass SPeCtrOMELEr.........cvvviiiiiiiiiiieee e 44

2.2.6 SIgNAPTOCESSING ...ceeiiiiiiiiiiieiieee et 46

2.2.6.2 Single pulse experimenL.............eeeveevieeeiieemeeeeeeeeeens 46

2.2.6.2 Pump mbe experiments..........ccccuvvvvvieerieemiininnieneenee 48

2.2.7 Strong field irgnsity calibration using Xenan..............cccooooeveea 49

3. MEASUREMENT AND IDENTIFICATION OF A DYNAMIC IONIC
RESONANCE IN ALKYL PHENYL KETONE RADICAL CATIONS VIA

INFRARED STRONG FIELD MASS SPECTROMETRY......cccciiiiiiiiiiiinieeeann. 54
3oL OVEIVIEW. ...ttt bttt e e e e e e e eeeme e ettt e e e e e e e e e e e e e e s s e s ammneeeeas 54
3.2 INEFOTUCTION. ... 55
3.3 EXPEIIMENTAL.......iiiiiiiiiiiie e 60

3.3.1 Sample Preparation.................eeeeeiiiieeeieeeieeeeeee e 60
3.3.2 Strong field ionization gholecularsamples..............ccccvvvvinnnennd 62
3.3.3 Pulse characterizatiQn.........ccccccoeeeeeiiiiecceeeeeeeeeeeeee e 62
3.3.4 Mass smrometer operating cConditionsS..............eeeieeeeeeeeeeennnns 62
3.3.5 SigNal PrOCESSING......uuuiiiiiiiiiiiiiiiiieeeiiiiiee et e e e e eeereeeae e 63
3.3.6 SUppPOrting CalCUIBNS............uuuuiiieieeee e cereiieee e e e e e e e e e eeeereensd 63
3.4 ReSUItS and DISCUSSIQIN.........uuuuiiiriiiiiiiieeeiieiiieereeeeeeeeeeeeeeessmsreeeeeeaeeaeens 64
3.4.1 Strong #ld ionization of acetophenone............cccceeeveeeiieeecennnnns 64

viii



3.4.2 Mass spectral response of acetophenoiie iadiabatic
(o] aTV4= 11 To] T £ =To |10 1= 67

3.4.3 Strong field response of the acetophenone homologues:
propiophene, acetonegnd ethylbenzene..............cccccceeiiiiinenns 68

3.4.4 Analysis of weak field spectroscopy using a strong field laser

PUISEL ... 73
3.4.4.1 Effect of pulse dutiah on parent to benzoyl ratio....... 73
3.4.4.2 Parent to beog ion yield versus intensity................... 75

3.4.5lonic state energies asfundion of dihedral angle...................... 79
3.4.6 Structural effects on theistence of a dynamic resonance....... 80

3.4.7Presence of a conical intersectionha aicetophenone radical

(072 11 [ o PP U PP UUUTP PRI 83
3.4.8Dissociation mechanism ih¢ acetophenormadical cation......... 85
3.5 CONCIUSION......eiiiiiiiiiiiiiiee ettt e e e e e e e e e s nnn s 87

4. RADICAL CATION SPECTROSCOPY AND CONTROLLED
DISSOCIATION OF SUBSTITUTED ALKYL PHENYL KETONES IN

THE STRONG FIELD REGIME.......cooi e 96
4.1 OVEIVIEW. ....etiiieeeeiiiiiee et emcee ettt e e e e ettt e emme e e e e et e e e e e e st b e e eeeee e e s 96
4.2 INETOAUCTION. ... it e ettt rme e e e e e 97
4.3 EXPEIMENTAL. ...t e e e 103

4.3.1 Sample preparation.............veoveeeieeiieeceeee e ennn e 103
4.3.2 Strondield ionization of organiGamples..........cccccceeeevviiviiieane. 104
4.3.3 Pulsecharacterization................eeeeeeeiiiieeeiiiiiieieeeeeecee e 104
4.3.4 Mass sparometer operating conditions.............ccceeveeevvieennens 104
4.3.5 Signal ProCEeSSING.....uuuiiiiiiiiiiiie et ieeee e e e eeeee e aeens 105
4.3.6Supporting calculations..........coooveeeeiiiiiieeei s 105



A4 A RESUIS aNAIHCUSSION. .. e e 106

4.4.1 Strong field ionization @& -@nethylcetophenonwith 790
nm and infrared wavelengths............ccccooiien, 109

4.4.2Raw mass spectra and intensity dependence of hydroxy alkyl
phenyl ketones upon adiabatic ionization..................c.cvvvueeeen.. 112

4.4.3Mass spectral response of mettogtophenone isomersthe
adiabatiC regiMme........cooiiiiiiiiii e 115

4.4.4Mass spctral response of hydroxyacetophenone isomers
the adiabatiC regime..........cccceeeiiiii i e 117

4.45 Analysis of the strong field ionization of methyl substituted
ACEIOPNENONE. ..o e 117

4.45.1 Dissociation mechanisapplied to methyl
substituted acetophenone geometries...........ccceeen.... 117

4.45.2 Resonance strength correlated to oscillator strengths
and moment of INertia.............vvvviiiiiiiicceeens 123

4.4.6 Analysis of the strong field ionization of dipxy substituted
AaCEtOPhENONE..... ... 125

4.4.6.1 Effect of pulse duration on mass spectral response
I n-a@dd -dydroxyacetophenone............cccccoeviiiieee 125

4.4.6.2 Dissociation mechanism for acetophenone and its
derivatives: revisited..............cccoovvviiiieeee e, 125

4.46.3 Calculated geometries and ground ionic potential
ener gy s ur3 acaensd odfo 20
hydroxyacetophenone............cccccooeiiiiiieeen e 128
Y @] [ [ 1S (o] 3SR 135

5. STRONG FIELD ADIABATIC IONIZATION PREPARES A SELECTIVE
LAUNCH STATE IN ACETOPHENONE AND ITS DERIVATIVES FOR

APPLICATIONS INCOHERENT CONTROWL ..cuiieeeeeee e 145
LT R @ )Y <] /=) A TR 145
LSIVZA (51110 o [§ o3 {[0] o TR TR 146



5.3 EXPerimental.........ccciiiieie e 151

5.3.1 Sample preparation.................euvvuruiseeeeeeeeiiiienisn s smeeees 151
5.3.2Pumpprobeexperimental Setup............cceeeevviiiiiieeniee e 151
5.3.3 Pulse characCterization..........ccccceeeeeeiiiiecceieeeeeeeeeee e 153

5.3.4 Mass spectrometer operating conditiand acquisition of

TON TrANSIENL ...eiiiiiiiiee e 153

5.3.5 SigNnal ProCESSING......uuuuuiiiiiiiiiiiiiiieeeiieee et 154

5.3.6 Supporting calculations................uuuveiiiiieeeiiiiiiieeieeeeeee e 154

5.4 Results and diSCUSSIQN............cooiiiiiiiieenr e ee e 155

5.4.1Time resolveghotodissociatiomeasurements on the

acetophenone radical cation..................uuiicccreeeeeeiiiicee e, 155
5.4.2Interpretation of wavepacket dynamics..............ccceevvvieeennnn. 163
5.4.2.1 Classical wavepacket dynamic derivatian............... 166

5.4.3Wavepacket dynamics at resonance (1370 nm pump): the

death of the wavepacket..........cccccoiiiiiiiiicc e 167
5.4.4Analysis of the phenyl ion transient...............cceevvvvieeciiiinnnne. 170
5.4.5Probe intensity study ofcatophenoné&unch statelynamics.....172

Xi



5.5 Launch state control in acetophenone derivatwemolecuar
SUDSHEULION. ... e e e e e e 180

5.5.1 Parent ion transier$ acetophenone derivatives................... 183

5.5.2 Analysis of launch state dynamicsaoetophenone
ENIVALIVES. ..o e e e 189

5.5.3 Extended coher etmnfueomethyt h coupl e
ACEIOPNENONE. ...t 190

5.5.4 Suppesion of wavepacket dynamics in acetophenon radical

cation via sibstitution of alkoxy groups...........cccoevvvvvviiiiieeneeeenn. 192

5.6 CONCIUSIONS.......cuiiiiiieeiiiiitee e rene e e e e e e e e enes 193

6. SUMMARY AND OUTLOOK. ... e mmme e 205
REFERENCES CITED. ... . nme e ee e 207

Xii



LIST OF TABLES

Table Page
4.1 Energy and geometry values of timethylacetophenone isomers.................... 119
4.2 Energy and geometry values of troxyacetophenone isomers................... 129

5.1 The fitting parameters for the parent, benzoyl, and phenyl ion trangpemts
ionization wih different pump wavelengths.............ooooiien 162

5.2 The fitting parameters for the parent ion transients of different para
substituted acetophenone derivatives fit with a sum cdéiylag exponential
][ 10 o] [ 3PP 187

5.3 The fitting parameters for therpat ion transients of different para

substituted acetophenone derivatives fit with a sum of a decaying exibnent
SinuUSoid and eXPONENTIAL............uuuuiiiii i 187

Xiii



LIST OF FIGURES
Figure Page

1.1 Depiction of the electronic state distribution from multiphoton ionization
(MPI) or tunnel I0NIZAtION........coeeeiieeieeeeei e e 6.

2.1 Schematic view of the Ti:Sapphire chirped putsnplification ultrafast laser

)1 (=] 10 P PP 30
2.2 Energy leveldiagram for difference frequency generation....................cooeee.... 32
2.3 Schematic view of the homebudptical parametric amplifier................cc...oo.ee 34
2.4 Experimental setup dhe pump probe configuration..............cc.oovvvvvieeeeeeenene. 37

2.5 Schematic view of second harmonic generation frequencyezboptical

gating (SHGFROG) .....cccviiiiiiiiiiiiis e et e e e e e e e e e e e e e anena s s e e e e e e e eaeeeeeensesnnnnns 40
2.6 SHGFROG data for pulses centered at@) nm and b) 1450 nm....................41
2.7 Schematic view of the time of flight mass spectrometer...............cccvvieeerinnnns 43

2.8 Raw mass spectra of acetophenone and xenon upog §igtthionization at
0240 N o o TSP 45

2.9 Benzoyl ion signal as a function pfimp probe time delay of a single
benzoyl transient and fiveenzoyl transients averaged..........ccccccvvvviiiieeeinnnenn. 47

2.10Xenon ion saturation curves at different wavelengths, 1200 nm, 1300 nm
=Y o 127 1 I o o P 50

3.1 Molecular structures of a) acetophenon@rtpiopheone, caceone, and d)
EtNYIDENZENE. ... e e 61

3.2Raw mass spectra of acetophenone with stfietd) pulses centered at a) 790
nm, b) 1270 NM, and C)L1430 NIM....ccoviiriiiie it e e 65

3.3 Fractional yield of small mass fragment ions in acetophenone as a function of
laser intensity andxcitationwavelength..............ooooi 66

3.4 Integrated ion signals of acetophenone as a function of excitation wavelength
and at varying laser INTENSILY...........cuuuiii i eeme e e 69

3.5 Mass spectra as a function of excitation wavelength for a) acetophenone, b)
propiophenone,)acetone, and d) ethylbenzene..............ccccvvvieeee e, 70

Xiv



3.6 Normalized,integrated ion signals for parent and benzoyl ions in alkyl
phenyl ketones and homOoIOQUES..............coeviiiiiieeeiiiiiiiiiiiieeeeeeeeeeeeveeeeeeee L

3.7 Benzoyl to parent ion signal ratio at 6.1 X2LOV CNT2 .......cooveevecieeieeree e 76

3.8 SHGFROG datdor pulses centered at 1370 nvith different pulse
(0 [UT 7= 11T o PP PP TP PPPPPPPPPR 77

3.9 Energy leveldiagram of the ground ionic and excited ionic states in
acetophenone calculated at thex®imum (minimum of the neutral ground
state) and the @minimum (minimum of the ionigground state).............c........... 78

3.10 Energy level diagram of the ground ionic and excited istates in
acetophenone as a function Of gEOMELLY.........cccuuiiiiiiiiiirreii e 84

3.11 The proposed mechanism of benzoyl formation via tunnel ionization and a
(o] =0 o] a o] (o] g 1= 1o 1Yo o] 1 o] o SRR 86

4.1 The proposed mechanism for the dissociation ohttfegphenone radical
(03 110 o PP PPPRPPRRN 101

4.2 Mass spectra of-fhethylacetophenone at a laser intensity of 5% Wcni?
and the yield of small fragment ion, &1, as a function of laser intensity

and ecitation wavelength..........oooo e 107

43 Mass s peflcydraoxy a 2ethoypdhreonxoynaec,e t300p henone, a
hydroxyacetopheone using excitation walengths of 1200 and 1370 nm.......108

441 on yield of parent mol-ecul ar i1ion and be]
hydr oxyac et o-pybdrexyacetoghenane ds aduaction of laser
INtENSItY At 1260 NIM...coeiiiiiiiiiiie e e e e e e e e e e e eeees e e e e e e e e e e e e e eeeeeneaennes 110

4.5The mass spectral response of the beraoglparent ions as a function of
excitation wavy3Pdaemhyhbeiophenone2.0.........c.eeee.... 111

4.6 The mass spectral response of the benzoyl and parent ions as a function of
excitation wa y3®daehwodidcetbpmanond..b.................. 113

4.7 Massspectral esponse of the small fragment ons
NydroXyacCetOPNENONE.........coviiiiiiii e 114

48 The mass spectral res-podasnd o406 t he parent
MethylaCetopPNENONE...........i i e 116

49 Cal cul at ed gmethylaectophéneng....0.f.....2.0..ccccceeeeiiiienne. 120

XV



4.10 Schematic of the torsional motion around pienylacetyl bond in
ACETIOPNENONE. ... .. 122

411Mass spectr abn deydrgyacemghenone forAao fs and
(D) B5 TS PUISES.....ciieeeeeeeeee e e e srrn e e e e e e e e e e e e e e aeena s 124

4.12 Proposed mechanism for the dissociation of the radical cation of
acebphenone and itS detiVatIVES...........uueiiiiiii e 127

4.13 The ground ionic potential energy surfaces as a function of phenyl acetyl

di hedr al - a+nh3d ckchydr@agyacse2ophenone...............ccccevvvveeeen. 130
4.14 False color maps of charge distribution and resonance forms contributin to

t he radi cah n dlaydrixgaetephemdne..3.0........ccccoevvvviiceennn. 134
5.1Parent ion signal as a function of puymmbe delay for pump wavelengths of

790, 1270, 1370, and 1500 NM...euiiiiiiiiiiiiieeeeeeeerecee e enee e 156
5.2Mass spectra of acetophenon upon ionization at 34,1270, 1370, and

5100 o o PP 158
5.3 Parent and fragment ion signals as a fimmcof excitation wavelength............. 159

5.4 Time dependent signals of acetophenone parent, benzoyl, and phenyl ions at
pump wavelagths 790, 1270, and 1370 OM.............uuvvuiiiiicceeeereiiieee e 161

5.5Dissociation nechanisnof the acetophenone radical cateomd wavepacket
trajectories on the acetoptme radical cation ground ionic surface................ 164

5.6 Enlargedview of the transient signals from the acetophenone rachtian
With @ 1370 NM PUMIP....ccieeeeiee e e e e e e e e e e 168

5.7 The phenyion transient yields measured Wwitlifferent pump wavelengths......171

5.8 lon transients normalized tbeir respective negative time delays of the
acetophenone radical cation measuretdifégrent probe intensities.................. 174

5.91on yields of acetophenone at a pump probe delay of 350 fs measured at
different probe INTENSITIES..........oii i 175

5.10Determination of two oscillatoryaenponentsn the benzoyl ion transién.......... 177

5.11Schematic of the anticipated effects substitution groups may have on the
torsional motion of the acetophenone radical cation.................ccovveeeeeeeeennnn. 184

XVi



512The parent i1ion tranfsli eoncadotro@lten ompdr,e nd

tertbut yl acneettohpyhleaneocnteo,p debnone, and 40
trifluoromethylacetophenone.............uueiiiii i e 185
513T he parent ion tranlsyemd»xydacoe-tacpehompdhrea,o
met hoxyacet o griilwmmethexylacetopleenodeo...................... 186
5.14Deconvol ut-frifuoromethylacetdpleenohepanetransient.............. 191

XVii



CHAPTER 1

INTRODUCTION

1.1 Strong field gas phase mass spectrometry

The laser molecule interaction in teong field regime has been at the forefront
of physical chemistry investigations due to the availability and wide array of laser pulses
that can be generated with intensities that exce&MI@n? 14, Investigation of strong
field processes such as molecular ioniz&tionoulomb explosiotf, dissociative
ionizatior?, and high harmonic generatféid? have led to progress in elucidating the laser
molecule interaction and spurred the development of new techndfogiddany strong
field processes originate when an ultrashort laser pulse is focused and allowed to interact
with an atomic or molecular system. For exdgnwhen a laser pulse with a pulse duration
of 60 fs, central wavelength of 800 nm, and output power 6f)56 focused to a spot size
of ~30' m an intensities of ~1® W cmi? are achieved. The electric fields generated at
strong field intensities aren the order of the valence electron binding energies therefore
removal of an electron from the system can easily occur and the system is left ionized. The
electric field is measured in units of V¥&nd the relationship between electric field and

intersity is described by equation 1.1:

o — (1.1)

wherel is the laser intensity (W #), U is the permittivity of free space (F¥ cis the

speed of light (m'¥), andn refers to the refractive index2W=. The energy transferred



to the molecules during the ionization process is enough to generate the parent molecular
radical cation, and additional energy can be redistriBeitgithin the molecule to break
chemical bonds and generate numerous fragmentation products of different masses. The
subsequent detection of the parent molecular radical cation and smaller charged mass
fragments are ideal cdiglates to be studied in a mass spectrom@tére,

Mass spectrometry is a primagol for the characterization of the parent molecular
radical cation and additional fragment ions originating from strong field ionization. The
mass spectra contain valuable information about the dynamics of the strong field
interaction. A plethora of expienents have been performed with 800 nm strong field laser
pulses that have vyielded significant insight into the kasellecule interaction at high
intensities. Strong field mass spectrometry experiments on aromatié aingdinear
polyene$® of increasing size revealed the transition between nonadiabatic and adiabatic
ionization. Nonresonant interactions can be classified as either adiabatic, when the
molecular energy states follow the field without interstate transitions, and/or nonaxiabati
when the interstate transitions occur. A structure based fiba¢imodified the Keldysh
parameter suggested adiabatic ionization with a 800 nm laser pulse wasnthey pr
ionization mechanism in molecules of increasing ring size. In the case of linear polyenes
shorter excitation wavelengths produced more fragmentation due to nonadiabatic
multielectron dynamics whereas at longer wavelengths adiabatic ionizationtgdroety
singly and multiply charged parent cations. The atomic maifeinnel ionization was
applied to the strong field ionization response of a class of organic molecules. The yield

of the mass fragments as a function of laser intensity revealed that the polyatomic



molecules in general were harder to ionize then Ihit@edicted by the atomic tunneling
theory.

The role of resonances in a molecule and laser ionization has been thoroughly
investigated with strong field gas phase mass spectrometry. Cycloketones ionized with
strong field visible and neanfrared lase pulses displayed pronounced fragmentation
upon ionization with 394 nm but not at 788 A feature in the cycloketone radical
caion photoabsorption spectrum was proposed to account for the enhanced fragmentation
after ionizing with a 394nm pulse, whereas the lack of an absorption feature near 800 nm
coincided with the lack of fragments upon excitation with a strong field 788sanpalse.

It has been proposed that an electronic resonance in the 1,4 cyclohexadiene cation resulted
in enhanced fragmentation upon ionization with 800 nm, whereas the lack of an electronic
resonance in 1;8yclohexadiene allowed for a high survivaltbe parent ion and little
fragmentation at 800 nth Additional experiments measuring the kinetic energy of the
mass fragments after ionization has led to advances in understanding the coulomb
explosion process in benzénanthracert®, methandl, and G¢*>. Mass spectrometry has

also been coupled to adaptive pulse sh&fifigechniques to achieve controver the

mass fragmentation pattern in the strong field regime and will be addressed in a following
section. Recently, mass spectrometric detection coupled to photoelectron spectroscopy at
800 nm allows for the coincident detection of the electron and fragments originating

from a single ionization evefit®. Shifts in the energy peaks of the photoelectron spectra

of different mass fragments were measured suggesting direct ionization into multiple ionic

states. Similar results were danined in the coincident measurements of halogenated



methanes with 800 nm ionization and supporting calculations elucidated the role of
resonances during ionizatihn

1.2 Strong field ionization:nonadiabatic versus adiabatic ionization dynamics

In the presence of a strong field laser pulsé? 100" W cni? an electron can be
removed from a molecule resulting in the generation of the radical cation through a
multiphoton mechanism (nonadiabatic) or tunneling mechanism (adidhatiohization
may also occur with the abrption of a single photon at low intensities or at higher
intensities, > 18 W cni? and may proceed through an above the barrier mech#nism
this thesis we are mainly interested in radicéibceformation with ultrashort pulses in the
intensity range of 18 i 10" W cmi?. The formation of the radical cation is directly
influenced by the laser pulse characteristicand the molecular propertres: .
Nonadiabatic dynamics transfer energy into multiple excited electronic states of the ion
that couple to the nuclear degrees of freedom. In the nonadialzeti; a strong
nonresonant laser pulse ionizes the molecule through the simultaneous absorbtion of
multiple photonseach with energy less than the ionization potential and the density of
states merges to form a quasicontinuum allowing the pulse to eagliednto numerous
excited states leaving the ion in a superposition of ionic states. Alternatively ionization of
the molecule can occur adiabatically via tunnel ionization. In adiabatic nonresonant
interactions which typically result in sindler multiply** charged ionization products, the
coulombic potential barrier is suppressed by an intense electric field long enough to provide
an electron sufficient time to tunnel through the barriene removal of the electron via a
tunneling mechanism generates the molecular radical cation in its ground ionic state.

Electric fields with lower frequencies can suppress the potential barrier for longer times



during every half cycle of the laser pailehich gives the system time to adjust to the field

and the electron a higher probability of tunneling through the barrier. For example an
optical period of a laser pulse centered at 800 nm and 1600 nm is 2.6 fs and 5.3 fs,
respectively. For two pulses thi identical intensities, the longer wavelength (lower
frequency) pulse has an optical period t wi
barrier to be suppressed longer giving the electron more time to tunnel through the barrier.

To distinguish tunel from multiphoton ionization, the atomic Keldysh paramigter o , i s
commonly employedThe Keldysh adiabaticity parameter is defined as the ratio of the

laser frequencys o, to a characteristic tunneling frequerey,and is given in the following

equation,

M- — (1.2)

wherelPi s t he systemdsEistha electad fieldm is het ent i
electron massandi s t he el ectron charge. Kel dysh
ionization is the primary ionization mechanissmh i | e t unnel i onizati on
as illustrated in figure 1.1. Multiphoton ionization typically populates a number of cationic
electronic states through the simultaneous absorption of multiple photons via ladder
climbing where |¢>, |&>, |[@> é &. correspond to the ground ionic, first excited, and
second excited, respectively. The ionic states that are populated can relax through
radiationless transitiod%*” with a probability that depends on particular nuclear motion,
to produce a vibrationally hot molecule that can undergo a high degree of fragmentation

limiting the yield of a parent ion. Minimizing the effects of ladder climbing is
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Figure 1.1. Depiction of the electronic state distribution in a molecule upon

multiphoton ionization (MPI) or tunnel ionization. The Keldyastiabaticity parameter

values corresponding to multiphoton ionization and tunnel ionization are provided.



accomplished by lowering the intensity of the excitation pulse but this can also decrease
the observed ion signal which can lead to difficultiegd#@ta acquisition and analysis.
lonization in the adiabatic regime can eliminate fragmentation and preserve the parent
molecular iod®. Upon tunnel ionization the molecule is left in its ground radical cation
state, |&>, with little excess vibrational energy resulting in a higher survival of the parent
ion yield. In the adiabatilimit no electronically excited states are populated since the
molecule is left in its lowest energy ionic state. Molecular mass spectral fragmentation
patterns generated with nonadiabatic or adiabatic ionization was first observed in linear
polyenes®. A strong field infrared pulse (>1000nm) generaidjle and multiply charge
parent ions with small amounts of fragmentation. In contrast, ionization initiated with a
strong field 800 nm pulse resulted in a high degree of fragmentation with little survival of
the parent ion. Therdgmentation at shorter wavelengths was explained in terms of
nonadiabatic multielectron dynamics. Reduced fragmentation upon excitation with near
IR wavelengths as compared to 800 nm has since been observed in other molecules
including naphthalen, anthracené®, alkylphenol$®, and metatarbonyl compound&
Recently strong field mass spectrometry studies performed on a series of aryl phenyl
ketones with 800 nm pulses resulted in a revised view of strong field ionization and the
subsequent fragmentation mecharfisnfFragment ion vyields that were dependent on
molecular structure and chemical functional groups with supporting ab initio calculations
suggested ionization with st fs 800 nm pulses results in a cold ground state radical
cation since theleparting electron carries a majority of the energy away and subsequent
photofragmentation occurs through single or multiphoton resonances among the ionic

states. Evidence of the direct ionization of multiple states upon 800 nm ionization has been



observedn coincidence measurements while successfully discriminating among indirect
ionizatiort®30, A primary focus of this dissertation will explore the feasibility of accessing
different ionization regimes using different wavelengths to erkals produce ground
state ions. The ions in the ground ionic state will be utilized as selective launch states to
further understand molecular dynamics and achieve higher degrees of photodissociation
control It should be noted that even by using différevavelengths to access different
ionization regimes there can still exist a mixture of tunnel and multiphoton ionization since
the intensity of an ultrashort pulse is dynamic and different ionization regimes could be
accessed as different parts of théspu
1.3Coherent control in the strong field regime
1.3.1 Single pulse experiments

The central goal of strong field coherent control experiments is to steer a chemical
reaction to a desired product and attain control over the product¥ieldse interplay of
electron system characteristics and laser pulse parameters (intensity, pulse shape, etc.) have
been known to play an importardle in control strategies. An attractive approach for
achieving coherent control in the strong field regime has been adaptive pulse shaping.
Adaptive pulse shaping techniques have been applied to controlling the ion yields in
molecular systems when coaglto mass spectromet&r$”?8 4345 |n these experiments
a nonresonargtrong field laser pulse usually centered around 800 nm ionizes a gas phase
molecule and the mass product ratios are optimized by using an optimization feedback loop
consisting of a genetic algorithm that iteratively shapes the electric field to opthmize
desired product ratios. Initial work by Leasal.on acetophenone and a series of organic

polyatomic molecules revealed that the branching ratio between multiple fragments could



be enhanced or suppressed depending on the shape of the electfic Sishdlar work on
amino acid complexes resulted in selective boledwvage of theacl Aipepti de bo
while preserving more easily displaced bafidDespite this success with adaptive pulse
shaping techniques it is very difficult to describe the physical mechanisms responsible for
the selective bond cleavage in polyatomic molecules since the optimilsedghape is
usually complex and multiple strong field processes including, multiphoton ionization,
nonadiabatic multielectron dynamics, and dynamic Stark shifting can occur simultaneously
further complicating the results. The competition between mukipbeg field processes
has limited the degree of control in polyatomic molecules to a factor-dfir@jas phase
mass spectrometry experimeits 28 4%44 |n order to clarify the mechanisms responsible
for molecular dissociation and to develop new strong field control approaches it is
imperative toavoid nonadiabatic processes and initiate the dynamics from a single state.
Creation of a single state will enable a seemingly endless amount of control pathways that
may be attempted. This dissertation will describe how the use of strong field lags puls
with infrared wavelengths (>1100 nm) and time resolved experiments achieve controlled
photodissociation with a selective launch state.
1.3.2 Time resolved wavepacket dynamics

Pioneered by Presor Ahmed Zewail (Nob€¥rize in Chemistry, 1999nolecular
reactions can be investigated on the femtosecond time scale by probing the system with a
secondary ultrashort laser puf$e In this scheme, an ultrashort pump pulse launches a
wavepacket on a molecular potential energy surface and a second variable time delayed
ultrashort pulse probes the evolution of the wavepacket on the potential Surfdee

wavepacket is a superposition of vibrational eigenstates that is created on a potential energy



surface by an ultrashort laser pulse. The wavepacket dynamics are recorded as a function
of time delay between th&vo ultrashort pulses resulting in data that corresponds to the
molecular dynamics with femtosecond resolution. This technique has been utilized in weak
field and strong field experiments to elucidatad isomerizatidff>!, bond dissociatiol
5 investigate the role of conical intersections in wavepackedrdics” >°, and to achieve
coherent contréf>’.

The electronic properties of different halogens have been shohawveoa direct
effect on the dissociation dynamics of organometallic compounds. A 400 nm pump pulse
excites the molecule to a neutral excited state where after some time an ionizing 800 nm
probe is able to track the dissociation and fragmentation dynasiagunction of metal
halogen binding properti&s The dissociation times were fastest if the halogen wgs la
and slowest if the ligand was small. The initial loss b€E® group allows the orbitals of
a smaller halogen to overlap more efficiently with the metal center and therefore reinforces
remaining bonds resulting in longer dissociation times. Thestiegtin many light induced
biological processes is the ultrafast cis/trans photoisomerization of molecules facilitated by
nonadiabatic transitioA%and controlling this isomerization event in such molecules is at
the heart of developing molecular switch¥8 Transient absorption measurements
supported with theoretical calculations reveal that control of the torsional motion in
oligofluorenes can be enhanced by 2 orders of magnitude by employing aippnops h 0
probe schenfé. In such molecules, excitation to thesgate followed by a broadband probe
gives rise to torsional relaxation in ~40 ps, signifyintaxation from the ground state
geometry to the more planar excited state geometry. However, excitation of the

wavepacket to a higher lying state, 8omthe $st at e via a Apusho pl
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ultrafast planarization of the oligofluorene thatcurs within 100 fs. This process is
explained in terms of nonadiabatic coupling betwegan8l Sas well as efficient pathways

that the wavepacket can access to convert electronic energy into vibrations. A weak pump
followed by ionizing probe technigues been used to follow the tiregolution of ionic
fragment yields in a variety of molecules to probe the wavepacket dynamics on potential
energy surfaces that are coupled to dissociative ch&fifrel¥he isomerization of 1,3
cyclohexadiene was investigated using timasolved measurement of the parent and
fragments ion distributions after excitation to the neutral excitesta®é*. In that study

an ultraviolet pulse launched a wavepacket on the neuxicdéd potential energy surface

and an ionizing 800 nm probe pulse monitored the parent and fragment ion yields from the
neutral excited state. After the initial excitation, the molecule was discovered to accelerate
towardsa@ st r et c hi n @ndialong & dyramefric G=¢ tvistemmich initiated

ring opening on the excited state with completion on the ground state after passage through
a conical intersection. A conical intersection is a point where two or more states intersect
and become energetladegenerate and radiationless transitions can occur between the
intersecting potential energy surfate8®. Theoretical and experimental studies have
revealed the importance of argcal intersection governing the grsns isomerization of
retinal, the primary chemical event in vistériUpon pumping the retinal chromophore in
rhodopsin to the lowest neutral excited state with a resonant 500 nm pulse, a broadband
probe pulse monitored the stimulated emission or absorption along the isomerization
coordinate. The measured field changes fretimulated emission to absorption
approximately 75 fs after excitation indicating the passage of the wavepacket through a

conical intersection in the system.
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Pump probe schemes have been employed with strong field mass spectrometry
techniques to trackvavepacket dynamics and understand strong field dissociation
mechanisnfs 51 53 6669 Transient ion signals are curve fitted to extract useful time
informatiorf® 5! and fourier transformation of oscillatory signals typically reveals the
involved \ibrational mode¥ °. Resonances in the ionaectronic manifold have been
shown to be responsible for the bond dissociation in halogentated méthé&riés
Cal cul ati ons of tehesgysudanes weresitalaacerredly epptainiegn t i a |
the dissociation mechanism. Timesolved measurements using a strong field 780 nm
pump and a weak field 780 nm probe revealed oscillations in the parent and fragment ion
signals. The oscillations were @tuted to wavepacket dynamics wherein fragmentation
occurs whenever the ground state ionic wavepacket encountereephator resonance
with an excited ionic dissociative state. The probability of population transfer of the
wavepacket from the bound i@nstate to the dissociative state was found to be linear in
the intensity of the probe field confirming the one photon resonance mechanism. The
dynamic response of the fragmentation channels demonstrated that it is possible to
coherently control the dissiation of polyatomic systemd$ In strong field pumyprobe
studies of the azobenzene cation, oscillations of the parent and phenyl fragment ion signals
with probe delay were attributed to twisting of the CNNC pheimg torsionalmode and
calculations suggested that the formation of a wavepacket on the ground state surface
initiates vibrational motion along the torsional coordifat&Vavepacket dynamics have
also been explored in a series of aromatic ketone molecules using 800 nApr@b@p
scheme¥. The oscillatory response of the integrated parent ion signals in many of the

polyatomic molecules suggested a small fracdf the ionic states that are populated upon
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strong field ionization is the ground ionic state. The transient behavior of the parent ion
signal was consistent with the torsional motion of the phenyl acetyl bond, however the
transient ion signal of othéragments was not provided which makes it difficult to develop
a complete physical mechanism of the dissociation process.
1.4 Scope of this dissertation

This dissertation describes the use of tunable ultrafast infrared excitation as a means
to investigate thelectronic structure of organic radical cations in the strong field regime
and extends the tunable infrared excitation as a source to adiabatically prepare dynamic
ground state wavepackets that can be investigated further with time resolved pump probe
measurements. This dissertation lays the foundation for a viable electronic spectroscopy
tool which identifies electronic resonances between ionic states by monitoring the change
in the mass spectral response as a function of excitation wavelenght iro&fligte mass
spectrometer. It is shown that adiabatic ionization leads to the production of a selective
launch state in the ground ionic state of acetophenone which can then be used to initiate
control dependent on the experimental parameters. Thegsfreld laser pulses are
generated using an optical parametric amplifier which converts 790 nm radiation to a
tunable excitation source from 1100 in2800 nm. The experiments are performed on
molecular samples with vapor pressures large enough thaathgle enters the time of
flight mass spectrometer as an effusive source. Thedaseple interaction subsequently
generates parent molecular ions and fragment ions that are mass analyzed using the time
of flight spectrometer. Chapter 2 describes ttegieand capabilities of the ultrafast laser
source and time of flight spectrometer as well as the construction and operation of the

optical parametric amplifier.  Furthermore, samgieeparationis outlined, pulse
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characterization is highlighted, and aebrsection on some troubleshooting is discussed.
Chapter 2 concludes with a section on the experimental of the-probp setup that was
used for the experiments in chapter 5.

Chapter 3 details the initial strong field measurement of a dynamic electronic
resonance in the gas phase acetophenone radical cation using tunable infrared excitation.
The simultaneous increased yield of the benzoyl ion and decreased yield of the parent ion
which reached a maximum at 1370 nm (0.9eV), and was supported by théoretica
calculations which revealed a ~0.9 eV energy spacing between the ground ionicgstate, D
and the second excited ionic state, Mt was determined that adiabatic ionization creates
a majority of ground state wavepacket, i.e. a launch state, whichduaslthe electronic
transition responsible for the high degree of selective dissociation. Chapter 3 discusses the
key structural features the system must possess to ensure identification of the resonance
and concludes with the development of a compledsadiiation mechanism aided aly-
initio calculations of the acetophenone radical cation. The calculations identify a three
state conical intersection that converts the electronic energy into vibrational energy leading
to the preferred bond dissociation.

Chapter 4 investigates the relationship between the dynamic resonance for methyl
and hydroxy substitution on the acetophenone molecule. Based on the position of the
methyl group, the strength of the resonant feature decreasepdranto meta to ortho-
substitution. The positioning of the hydroxy group in tirtho- and meta positions
eliminates the observed resonance in our tuning range, whereas the mass spectral response
of the para substituted isomer behaves similarly to the mass spectral respbtise

unsubstituted acetophenone molecule. This behavior is explained in terms of moments of
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inertia, calculated geometries, calculated oscillator strengths, and torsional barriers that
appear on the ground ionic surfaces. Furthermore, the dissocraBohanism of
acetophenone when applied to each acetophenone derivative allows for an appropriate
description of the wavepacket dynamics that supports their strong field responses.
Chapter 5 elevates the work in the earlier chapters to a higher les@inplexity
by investigating the ground state wavepacket (launch state) dynamics of the acetophenone
radical cation with timeesolved photodissociation measurements. A pump pulse centered
at an infrared wavelength (1270 nni500 nm) adiabatically prepar@ selective launch
state in the ground ionic state which yields oscillations in the parent ion yield that are much
larger in amplitude and have longer coherence than the dynamics initiated with a 790 nm
pump pulse. Additionally, the wavepacket dynamiasuad a conical intersection in the
ionic manifold can be controlled by consideration of the pump pulse wavelength. A special
case is considered when the pump pulse contains photons that are resonant wibothe D
transition. Careful consideration oktlexperimental parameters based on the dissociation
mechanism in chapter 3 allows for the observation of a secondary wavepacket.
Furthermore a probe intensity study confirms the dissociation mechanism and highlights
the importance of higher order excitati in the ion to reveal secondary wavepacket
dynamics. Chapter 5 concludes the dissertation with a study on the effect that different
para substituents groups have on the dynamics of the ground state wavepacket in
acetophenone. These molecules are ahtissystematically vary the electron withdrawing
and donating functionality of the molecules, as well as to determine the effect of the density
of states on the excitation, ionization and dissociation processes. The time resolved data

reveals that the tsional wavepacket dynamics can be controlled by accounting for the
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electronic and structural effects of the substituent group. An interesting result is obtained
in the case of trifluoromethyl substitution where the parent transient was determined to be
composed of two distinct oscillatory components attributed to the acetyl and
trifluoromethyl torsional modes. The strong electron withdrawing nature of the
trifluoromethyl group lowers the barrier for phenyl acetyl torsional motion which suggest
it may be asy for the energy in the acetyl torsional mode to couple into the trifluoromethyl
torsional mode of similar frequency without dissipating its energy into other modes

resulting in extended wavepacket dynamics.
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CHAPTER 2
EXPERIMENTAL EQUIPMENT, DESIGN OF THE
ULTRAFAST OPTICAL PARAMETRIC AMPLIFIER , AND

EXPERIMENTAL SETUP

2.1 Overview

Strong field laser experiments performed in the gas phase routinely utilize the
readily availablavavelength output of 800 nm from a benchtop Ti:Sapphire ultrafast laser
system. This has led to advances in nonadiabatic multielectron dyfanmuslecular
dissodation controf®, and elucidating the role of ionic resonances in molecular
dissociatiorf. These studies highlight the significance of applying strong field 800 nm
pulses in understanding strong field phenomena. It is well known that the molecular
response is dependent on the strong field excitation waveléfigth was observed that
electronic transitions in the molecular cations can be accessed with resonant excitation
wavelengths, which facilitated molecular fragmentation whde-resonant wavelengths
preserved the parent iblt. The wavelength dependence of linear alkenes was observed
in their mass spectra produced with a strong field ionizing pulse. At longer wavelengths
the adiabatic ionization regime was accessed resulting in preservation of the parent ion,
while upon 800 nm ionization nonadiabatic multielectron dynamics were responsible for
the higher degree of fragmentatton

Advances in nonlinear optics make it possible to produce ultrafast strong field laser
pulses ranging from the ultraviolet to ri@'**3. This broad range of wavelengths has

made it possible to reveal the transition from multiphoton ionization to field ionization in
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rare gas atom&*®. Molecular studies have only started to utilize strong field femtosecond
pulses that encompass a broad spectral range feouittaviolet to midinfrared regimes,
1617and the demand for experiments to test theoretical predictions of molecular dynamics
in the near/midnfrared strong field pulses is ever predéit

A standard way of generating strong field laser pulses in the infrared region of the
electromagnetic spectrum is through concepts fromlimear optics, specifically optical
parametric generatioh The optical parametric process occurs in a suitable medium
which has a nofinear response to the incident electric field. The frequency of the incident
laser pulse can be converted to different frequencies which are used to ionizelanolec
systems in the gas phase. Once ionized by a single laser pulse, the molecular radical cation
and subsequent fragment ions are detected using a time of flight mass spectrometer. This
chapter concerns the multiple facets of the ultrafast laser sytemesign of the optical
parametric amplifier (OPA) and its implementation in single pulse and {puoie
experiments when coupled to a time of flight mass spectrometer.-puaie schemes

allow us to track the time resolved molecular dynamics and ailg e&sgrated into our

setup, and will be discussed in tlagtér sections of this chapter.

2.2 Equipment
2.2.1 Oscillator and regenerative amplifier
All of the laser pulses that are described in this work, were created by the
amplification of femtosecond pulses produced by a Ti:Sapphire (FQAl oscillator.
(KapteynMurnane Laboratories Inc., Boulder, Co, USA, Model: TS Ti:Sapphire Kit). The

Ti:Al 203 crystal in the oscillator is pumped with 3.65 W of a continuous wave 532 nm
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Coherent Verdi pmp laser. (Coherent Inc., Santa Clara, CA, USA, Model: Verdi 5 W)
The Ti:Sapphire crystal supports a large gain bandwidth that allows for the production of
ultrashort pulses upon mode locking and compensation for dispersion is accomplished via
negative goup velocity dispersidd. The folded configuration of the laser cavity supports

a coherent superposition of frequencies that generates a Badvpere the full width half
maximum of the pulse duration is ~30 fs at a repetition rate of 86 MHz.

The pulses that are generated from the oscillator are too weak for direct ionization
of the interested molecular systems. Therefore amplification of ¢hiflador pulses is
critical in generating strong field pulses and is achieved using an ultrafast regenerative
amplifier (Spitfire Model 97260A) which generates high energy ultrafast laser pulses via
chirped pulse amplification. Prior to amplificationtbé oscillator pulse, the pulses must
be temporally stretched since direct amplification of an ultrashort pulse would lead to
damage of the cavity optics. The ~30 fs oscillator pulse is stretched to ~100 ps by optical
chirping via a dispersion delay linEhe current stretched | aser
laser cavity and become amplified. The amplification process is initialized when a second
Ti:Al203 crystal is pumped with a 527 nm, ~15 W, <200 nsswitched (1 kHz)
neodymiumdoped yttrium lithium floride (Nd:YLF) pump laser. (Coherent Inc. Model:
Evolution30). The input of the stretched laser pulse is controlled using a synchronization
delay generator (SDGII Model:97260C) which configures the timing for the amplification
process. The seed pulsenjected and makes multiple passes through the,Oz&fystal
which results in amplification of the pulse energy by multiple orders of magnitudé&, ~10
The temporally stretched amplified pulse is ejected from the cavity and sent to a pulse

compressowhere a pulse duration of ~40 fs is regained. The pulse compressor consists of
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Figure 2.1. Schematiwiew of the Ti:Sapphire chirped pulsed amplification

ultrafast laser system.
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a grating and a set of horizontal and vertical mirrors which negates the effects of the
dispersion that were introduced in the pulse stretcher by applying an opposite chirp.
Minimization of the pulse duration is accomplished by adjusting the set of htaizo
mirrors to a desired distance from the grating via a translational stage. The output from
the regenerative amplifier results in a 1 mJ, ~40 fs pulse, centered at 790 nm at a repetition
rate of 1 kHz. A schematic of the ultrafast laser system isbepin figure 2.1.
2.2.2 Optical Parametric Amplification in the Infrared
The generation of widely tunable strong field laser pulses in the infrared is

routinely performed using optical parametric amplificatfdA Optical parametric
amplificationoccurs througldifference frequency generatitmattakes places a suitdle
nonlinear crystal Thefrequency of the input photorry, is convertedo two individual
photonswith different frequenciesyz a n dz. & an appropriate nonlinear crystal, the
conservation of energy is given by equatioh

9l 9] 9] (2.2)
whereki s Pl an c k¥huspis the fiegiueracyr df the pump photomsignal is the
frequency of thgenerated signal photon, andir is the frequency of the generated idler.
An energy level diagram outlines tt#ference frequency generation mechanisrigure
2.2. A seed photoat ¥sgnal IS created via white light generation or super fluorescence in
an optical blank or sapphire crystal. The pump photon couples the ground state to a virtual
state of the crystalheseed photostimulates emission of the signal photaighaand the
remaining energy is conserved resulting in the emission of a secondary photon of
f r e g u eud CTe, parametric process, occurs multiple times throughout the length of

the crystal when the pump and seed pulses are spatially and temporally overlapped
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resulting in amplification of the signal and idler pulses. Further amplification of the signal
and idler pulses are achieved by overlapping the signal and idler beams with a higher
energy pump beam through the same or secondary nonlinetalcrifficiency of this
process is limited by the stability of the seed photons, group velocity dispersion, phase
matching conditions, the physical characteristics of the crystal (material, dimensions,
surface quality), time delay between pump and segdifidler pulses, and incident pump
intensities.
2.2.2.1 Design and construction of the optical parametric amplifier

In order to generate infrared pulses that are capable of achieving strong field
intensities, the design of the optical parametric anepli based on the design of Wilson
and Yakole¥?. Barium borate crystals (Type-228) are chosen as the suitable nonlinear
gain medium. The crystals are cut for Type 2 phase matching, this allows the signal and
idler beams to be easily separated based on their different output polarizations and the
crystal dimensions are 7 x 7 x 3 mneigiht, length, width). Furthermore the length of the
crystal was chosen as to limit the dispersion of the pulses through the material and to avoid
optical damage at the intensities that are used. The schematic of the optical parametric
amplifier is givenm figure 2.3. The whole system was constructed on a raised 46 x 46 cm
optical breadboard to mobilize the optical parametric amplifier if it ever needed to be
relocatedor applied to a different experimental setup. The optical parametric amplifier is
comprsed of three differertieam pathsl) white light path, 2) first arm of amplification,
and 3) second arm of amplification. First ~6QDfrom the output of the regenerative
amplifier is directed into the optical parametric amplifier without changingoteea mo s

height or polarization. An 80/20 beamsplitter splits the beam toward the first and second
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amplification stages whesecombined ~80J is introduced to the white light path and first
amplification stagand ~500 J is reflected into the second amplification stage. Prior to
the first amplification stage there is a 95/5 beamsplitter that directs 3-i@o the first
amplification stage and ~2 uJ is sent to the white light path of the OPA. Thé is2
focused into a sapphire crystal usinfF& cm lens that generates a white light continuum
ranging from the visible to infrared wavelengths. A Valgaaperture is placed in the white

light path prior to the sapphire crystal to control the output profile of the white light beam.
A secondary lens after the sapphire crystal adjusts the white light beam focusing conditions
into the first BBO crystal. Té first amplification stage consists of reflective optics, a
translation stage, a telescope, a half waveplate, and a BBO crystal. The path of the first
amplification stage is made equidistance to the white light path by adjusting the translation
stage. Tk half waveplate ensures phase matching conditions are met and the telescope
allows for spatial mode matching of the first pump beam with the white light beam while
maintaining focusing conditions within the crystal. The intensity of the pump beam in the
BBO crystal is set just below the onset of parasitic fluorescence. Spatial overlap of the two
beams in the crystal is set by the focusing conditions of the white light beam, where the
mode size of the white light beam matches the pump beam. Efficienmgtaa
amplification is achieved when both pulses are spatially and temporally overlapped which
results in a third aput beam of varying colors depending on the current phase matching
conditions. Optimization of the output beam is achieved by adjustiegcthistal
orientation, the delay between the two pulses, and spatial overlap. The optimized output
from the first stage of amplification results in ~10 signal pulse plus idler pulse. The

signal and idler beams travel collinearly with the pump and wightbeams. A long pass
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filter ( oplated @fter the vyt BBOsto remove the residual pump and white
light beams. A 10 cm lens is used to mode match and direct the signal and idler beams into
the second BBO crystal. The second stage of diggtion is identical to the first except it
directs ~500 J of pump energy. The signal/idler beams are combined with the high energy
pump beam in the second BBO crystal in a similar fashion to the first BBO crystal, resulting
in further amplification othe signal and idler beams. The optimized amplified output is
~150° J signal plus idler, where the signal beam is tunable from 1100 nm to 1580 nm and
the idler pulse is tunable from 1580 nm to 2800 nithe pulses are not additionally
compressed and @md durations are tunable from-%00 fs depending on the amplified
bandwidth of the pulse. The signal and idler pulses are separated with a polarizer and the
idler beam is sent to a beam block. All of the work discussed in this thesis is performed
only with the signal pulse output from the OPA, the idler beam was never utilized in the
experiments. The signal laser beam is then steered towards the interaction region of the
time of flight mass spectrometer. Strong field intensities are achieved in tlee mas
spectrometer using a reflective beam expander placed before the time of flight apparatus.
The beam expander consists of a convex mifrdrA.5 cm) an@oncave mirrorfE50 cm),
which expands the beam by a factor of 4. The beam fills the area oegddar@.8 cm)
focusing lensfE20 cm), resulting in a focused spot size of-3R0 m in the time of flight
interaction region, which is able to support strong field intensities approachiti¢y Dot
2, The spot sizes were measured with a beam pr¢8fgrcon Model: FX50).
2.2.3Single pulse and pumpprobe experimental setups
Chapters 3 and 4 discuss strong field single pulse experiments and chapter

5 explores a strong field purweeak field probe configuration. Single pulse experiments
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Figure 2.4 Experimental setupf the pumpprobe configuration. The idler pulse

was never used in any of the pump probe experiments. The pump and probe pulses were

defined by the direction of the translation stage with respect to the sidgsal pu
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were either performed with the direct output of the regenerative amplifier or e sig
pulse from the optical parametric amplifier. Wavelength tuning of the signal pulse was
achieved by angle tuning the BBO crystals for the correct phase matching conditions. The
power was optimized by adjusting the delay stages in both amplificatgesstand
correcting for any spatial beam walk off. The pulse would be first characterized and sent
to the interaction region of the mass spectrometer to ionize the chemical species. The mass
spectra is then collected as a function of the laser properties

The pumpprobe experiments described in chapter 5 are shown schematically in
figure 2.4. The experimental setup is similar to the single pulse experiments except now
with the addition of a 790 nm beam. The 790 nm pulse energy is' J1f06m the
regenerative amplifier sent through a computer controlled variable delay stage (Newport
Model:ESR100) and is collinearly aligned with the signal pulse from the OPA. The delay
stage controls the time delay between the pump and probe pulses while thendifeibe
stagebdbs motion specified the pump and prob:q
in the path of the 790 nm beam to guarantee mode matchingdantical focusing
conditions compared to the OPA signal beakahieving temporal and spatioverlap in
thetime of flight mass spectrometer was performed in the following way. First, a gold flip
mirror placed in the path of the beams before the spectrometer redirects the two beams into
an optical blank directly before the mass spectrometeéh Beams are attenuated to low
enough intensities such that eithdrthebeam i
optical blank.The computer controlled stage (Newport Model: LHA, Controller
Model: ESR100) is varied and when both pulses areiafpatand temporally overlapped

a nonlinear response (white light generation) in the optical blank is visually confirmed. The
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low intensities of the pump and probe beams maximizesdhg&ast for observing the
nonlinear response aero delay. The nonlinear response is optimized to produce a
homogeneous white | ight response. The f 1
the unattenuated beams are focused in the chamber. Xenon gas (Airgas 99.99 %, 25L) is
effusively introducd into the chamber by a second variable leak valve (MDC Model:
MLV -150) and serves as a zero delay observable. An exponential increase in the xenon
signal occurs when the both beams are overlapped in the chamber. Fine adjustments to the
spatial and tempal overlap are performed to maximize the xenon signal in the chamber.

2.2.4 Determination of pulse characteristics using frequency resolved optical

gating

The pulse durations of all the pulses described within the following chapters were
determined withfrequency resolved optical gating (FRG®}. FROG is an auto
correlation technique which references a laser pulse with itself by using the nonlinear
responsén a BBO crystal and figure 2depicts the FROG apparatus. The incoming pulse
to becharacterized is split by a 50/50 beamsplitter and the identical pulses are facdsed
recombined in a BBO crystal. When both pulses are overlapped spatially and temporally
a nonlinear response is generated that is detected in a spectrometer. Bynmélsur
nonlinear response as a function of time delay between the two pulses, a spectrogram is
generated that plots the spectrum of the nonlinear response as a function of time. The
signal is post processed using a Femtosecond Technologies (Version 20Q6)
algorithm that returns the characteristics of the original pulse, including pulse duration,
spectral bandwidth, phase, and spectral/temporal spectra. The pulses of the optical

parametric amplifier were also characterized using the FROG technitpb@exception
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Figure 2.6.SHG-FROG data for pulses centered at a) 790 nm and b) 1450 nm.
Upper panel: The retrieved spectrum of the laser pulses. Middle panel: The retrieved
electric field of the laser pulse$he 790 nm laser pulse has a pulse duration of ~ 74 fs and
the 1450 nm laser pulse duration is ~65 fs. Lower Panel: The measured and retrieved
spectrograms of the 790 nm and 1450 nm laser pulses. The retrieval error for both FROGs

was < 0.5%.
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that the 50/50 beamsplitter used to characterize the 790 nm pulses was replaced with a
50/50beamsplitter specifically for pulses in the 1001600 nm range. Figure 2.6 provides
the retrieved pulse characteristics for two pulssstered at 790 and 1450 nm. The 790
nm pulse is produced from the regenerative amplifier and has a pulse duration of ~74 fs
and the 1450 nm pulse is created in the optical parametric amplifier and has a pulse duration
of ~65 fs.
2.2.5 Time of flight massspectrometer

After the generation of the strong field excitation pulses, the pulse is sent
through the interaction region of a homebuilt time of flight massctspmeter where
ionization ofgas phase molecules occurs and detection of the ions is perfétigect 2.7
provides the schematic of the time of flight mass spectrometer. A roughing (Fishcher
Scientific Model: M4C) and turbomolecular pump (Agilent Model: TV301) maintain a
vacuum in the spectrometer with a base pressure of Fafr. An ion gauggKurt J.
Lesker Model: GO74) attached to a port on the apparatus monitors the pressure at all
times. The molecular sample is introduced to the interaction region as an effusive source
that is controlled using a variable leak valve (MDC Model: Mi130). The sample
pressure is kept at ~4.0 x 4@ orr for all of the experiments in this dissertation unless
otherwise noted. Prior to introduction of the sample into the chamber the sample would be
frozen using liquid nitrogen. With the leak valve closed, the glass vial holder containing
the sample wdd be immersed in a beaker of liquid nitrogen until the sample turned solid.
Once solidified, the leak valve would be opened for ~10 seconds to remove air or unwanted
gas molecules from the sample holder. This freeze thaw purging process would be repeate

until the pressure inside the chamber as indicated by the ion gauge would not change upon
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opening the leak valve while the sample was still frozen, this usually occurred within three
freezethaw steps. As the laser ionizes the molecule a continuous extraction field is applied
to the interaction region which facilitates the removal of theonatfrom the interaction
region towards the microchannel plate deteassembly A 500 em vertice
the frontplate of the interaction region reduces any volume averaging effects by allowing
only the ions thatvere generated in the most intense part of the pulse through. The
voltages applied to the back plate and front plate in the ionization raggot3 kV and +

2.3 kV, respectively. This configuration accelerates the positively charged ions towards
the field free drift region. The field free region is a 1 meter long tube that separates the
ions according to their flight times. Lighter ions redhe detector first followed by the
heavier ions. On the opposite end of the field free region the ions are attracted toward the
negatively biased microchannel plate detector. The microchannel plates (RMJordan
Model: 30220) are configured in a Chevroraagement differentially biased 8 kV and

coupled to an oscilloscope where the electron signal is recorded

2.2.5.1 Leak determination and contaminant elimination in the mass
spectrometer
The potenti al for pressurethmasaks ot

spectrometer is of central importance to any gas phase experiment that requires small
working pressures. In a suitable experimental environment the roughing pump and
turbomolecular pump sufficiently maintain background pressures as low as® Tot0

in the mass spectrometer. If there is a compromised seal between the metal hardware that
makes up the mass spectrometer this will result in unwanted air and water vapor being

introduced into the chamber. When this occurs the pressure insideghspeatrometer
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will rise. Leaks can be easily detected by spraying acetone/methanol on the junctions of
the mass spectrometer and if a legfiresent a pressure increase on the ion gauge controller
box will be observed. An additional aspect of maintaining suitable experimental conditions
in the mass spectrometer is removal of unwanted contaminants prior to sample
introduction; water, air, gvious sample, etc.. Most contaminants can be removed solely
by the pumps within a few hours or days depending on the vapor pressure of the
contaminant. In some instances the contaminant could be dispersed throughout the time of
flight mass spectrometer bilne low vapor pressures of some molecules makes it difficult
for the pumps to remove the contaminant in adequate time. This type of issue is resolved
by wrapping the entire mass spectrometer, with the exception of electrical cords and
pumps, in heating ape and fAbakingo the spectromete
temperatures of ~ 25C for ~2448 hours. Once cooled the mass spectrometer is free of
unwanted contaminants.
2.2.6 Signal processing
2.2.6.1 Single pulse experiments
The detected electrongignals were transferred to a Lecroy oscilloscope
(Lecroy Waverunner Model: LT372, 500 MHz) that was capable of averaging ~1000 laser
shots in approximately 12 seconds. Mass spectra from single pulse experiments were
obtained by averaging the signal &0D laser shots that were then processed in a Labview
program where background subtraction helped to eliminate a portion of the noise. A typical
time of flight spectra of acetophenone upon ionization with a strong field pulse centered at
1270 nm is showmifigure 2.8. Thesaxis is in* s since this is the raw output from the

oscilloscope. All of the molecules used in this research were < 200 amu and flight times
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of the parent ion never exceeded® The cluster of peaks at ~1.3 is the xenon ion
isotopes which are used to help calibrate the intensity. The inset depicts the xenon isotopes
and helps visualize the rsgtivity of the time of flight mass spectrometer, mass resolving
power ~250.
2.2.6.2 Pump probe experiments

Upon ionization with a single pulse, peaks of interest are chosen in the mass spectra
which will be studied as a function of pufppobe time delay In a separate Labview
program, a pair of cursors defines the area of the mass spectral feature that will be
integrated as a function of purpgpobe time delay. The integratpdak area is averaged
for ~2500 milliseconds or ~200 laser shots. The valuthe integrated mass spectral
feature creates a single data point at a specified pump probe time delay. Each ion transient
is made up of 180 data points (step size=25 fs) and the length of theppoingoexperiment
could be varied but was routinely $etm -500 fs to 4000 fs, therefore the time to complete
a single pump probe experiment is approximately 8 minutes. The experiment is repeated
an additional four times and the individual ion transients are averaged together. This
ensured the averaging footh single pulse and punrgobe experiments was consistent.
The averaging of multiple transients helps to reduce experimental noise but extends the
length of a pump probe experiment to 40 minutes with the current hardware. Figure 2.9
shows the differendeetween amdividualbenzoyl ion transient and the averaged benzoyl
ion transients for the benzoyl ion of theetophenone radical catioAveraging enhances
the resolution of the ion transient and significantly reduces the point to point noise. Matlab
curve fitting tools were implemented to analyze the averaged transients and extract the

transient behavior.
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2.2.7 Strongfield intensity calibration using xenon

The strong field ionization mechanism of xenon and other noble gases is well
understood and provides a useful way to determine strong field intensities during gas phase
experiment®¥. Measurement of the xenon ion signal as a function of laser intensity
generates a weknown characteristic strong field response and acts as an inkeseal
intensitycalibrant in this thesis. The ionization probability of xenon and other noble gases
in thetunnel ionization limit is wavelength independent therefore the laser intensity can be
accurately measured using the ion response for xenon leaked simultaneously tithe
of flight mass spectrometerhe linear portion of the xenon strong field respasseresult
of ionization saturation due to spatial volume averaging over the finite dimensions of the
laser beam. Volume averaging can never be completely eliednin strong field
experiments but must be taken into account to interpret strong field results. This igortion
extrapolated to determine theintercept which defineshe saturation intensityand in
xenon is well known13.8 [log | (W cm)] (6.3 x 13° W cn®) when plotted on a
logarithmic scale. By adjusting the strong field response of the xenon ion signal in our
experiments to the well studiegylof xenon, an intensity scale can be determined at
different wavelengtfd. Figure 2.10 gives the raw xenon ion signal as a function of
measured laser intensity at various wavelengthsat/1300 nm is determined to be about
13.89 [log | (W cif)] which leads to an uncertainity intensity of ~20%. The ionization
response of xenon and the saturation intensity vary little as a function of wavelength. It
should be noted this is the case at all wavelengths across our tuning range. The pressure
of the xenon was 7.5xX0Torr in figure 2.10 and was kept the same in all experiments,

therefore experiments that were performed at different times could be directly compared.
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Figure2.10. Xenon ion saturation curves at different wavelengtf2Z0 nm (),

1300 nm (), and 1400 nm( ). The saturation intensityal of xenon in the literature has
a value of 13.8 and the measured experimental valugq@tt 11300 nm is 13.89. The
measured experiment value is similar across the wavelength tuning range in our

experiments.
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CHAPTER 3

MEASUREMENT AND IDENTIFICATION OF A DYNAMIC IONIC
RESONANCE IN ALKYL PHENYL KETONE RADICAL CATIONS

VIA INFRARED STRONG FIELD MASS SPECTROMETRY

3.1 Overview
This chapter introduces a new spectroscgpik phastechniquen the strong field

regimethat revealsa dynamicresonancen the radical cations of alkyl phenyl ketones.
Recordinghe mass spectra as a functairexcitation wavelength from Pmi 1500 nm
different ionization regimes are accessEde amounbf fragmentation measured at 790

nm is consistent with multiphoton ionization whereas the degree of fragmentation upon
infrared excitation is consistent with tunnel ionization. The ratio of the benzoyl to parent
ion signals varies across the tuning rang¢he alkyl phenyl ketones in comparison to
similar homologues which are not wavelength dependéetlargest ratio observed occurs
upon excitation with 1370 nm (0.90 eWhich suggests a one photon transition in the
radical cation.Supporting calculationsonfirm the existence of a ofdoton transition

from the ground ionic state o[Xo a dissociative excited ionic state, Bt 0.87 e\and 0.88

eV, in acetopheone and propiohenone radical cations, respectiMadytorsional motion

of the molecule aroud the phenyacetyl bondalters the geometry from a planar to
nonplanar structure within the pulse duratitrat enables the otherwise forbidden
transition. Calculations on the potential energy surfaces of the radical cation suggest a
radiationless transdn precedes dissociation orp.DJpon population transfer to the: D

surface, the wavepacket motion is directed towards a three state conical intersection
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(Do/D1/D>) that converts electronic energy to vibrational energy that facilitates production

of the bezoyl ion.

3.2 Introduction
Radical cationgM* Y play an important role in numerous chemical, physical, and

biological processes. The production of radical cations of DNA nucledbasdgor
carotenoid$after radiation damage represent important ppotdecton mechanisms. The
radical cation of methyl viologen has been investigated as a ntedegse new molecular
switche$. The detectiorof i o ni ¢ rholecylari ratlisad cationgia field ionizatiort
constitutes a pivotal mark towards unlockingittull chemical and biological potentfal

¢, Radical cation intermediates have also been proposed to play an important role in strong
field controf® and for interpreting tomgraphic imaging of C®using high harmonic
generatiofi’. In order to gain further insight into radical cation dynamics it is imperative
to determine the electronic structure of the ioMgasuring the electronic excited states of
ions is difficult becase of the low number density of ground state species that can be
produced. lonization methods such as electron irkhgenerate a multitude of initial states

in the electronic manifold from which further excitation can occur and the absolute number
of ion states contained in a given volume ardricded to space charge effect®n
additional hurdle that compounds the identification of excited ionic states is the difficulty
of calculating the excited ionic states given their typically open shell and
multiconfigurational charact&!®. The spectroscopy and excitsthte dynamics of
radical cations represent a challenging new field of study and the following chapter outlines
a new methd to measure the positions of low lying excited ionic states using frequency

resolved, strong field, neamfrared mass spectrometry. The method relies on tunnel
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ionization to selectively create ions in the ground ionic state and on mass spectrometry to
detect ion excitation to dissociative states with nearly unit probability.

Early gas phase experimefit® demonstrated that the parent molecular ion of
polyatomic molecules was preserved using mefaared (IR) wavelengthsentered at
1450 nmfor strong field ionization (-8 W cm?), as compared to the extensive
fragmentation occurring when a strong field 800 nm laser pulse excites the molecule. Even
though the electronic state of the ion wasmatuatedthe lack of frgmentation after near
IR excitation suggests that less energy is deposited into excited electronic degrees of
freedom therefore presang the parent molecular ion. More complex studies which
simultaneously investigate both the electron and ionic spedesthe ionization event
support the notion that multiple ionic states are populated with 800 nm ioniZafion
Several studies suggest that resonances in the cation lead to enhanced fragmentation in the
mass spectra.lonization and fragentation of naphthalene and anthracene revealed
enhanced fragmentation at 800 nm in comparison with 1406 nfnresonance in the
cationic states that could be accessed by the 800 nm laser pulse but not by the 1400 nm
laser pulses was identified as the cause for tharexgu fragmentation in both molecules.
However, another study attributes the fragmentation in naphthalene and anthracene at 800
nm to nonadiabatic excitatih It has been proposed that an electronic resonance in the
radical cations of cyclohexadiene isomers is involved in the amount of fragmentation upon
800 nm ionizatiort®. A resonanceén the 1,4cyclcohexadiene cation infrared spectrum
results in enhanced fragmentation, whereas the production of only parent ion in 1,3
cyclohexadiene was attributed to the lack of the cationic resonance at 8%, @ationic

resonances have also been invoked to explain the strong field fragmentation patterns for
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metal (Ni, @, Fe) carbonyl compoundi$Analysis of photoelectro spectra revealed that
Ni(CO)s" has a resonanca 1350 nm, while Fe(C@) has a resonance at 800 rifhe
observedragmentation of Ni(CQJ at 1350 nm and Fe(C&)at 800 nm agrees with the
hypothesis that a cationic resonance enhances molecular disségiatimionization and
fragmentation of alkylphenols with tunable infrared wavelengths was performed to
investigate te effect othei OH overtoneabsorption band on the fragmentatjatterr®.

A lack of enfancedfragmentatiorat resonant wavelengths suggested excitation into the
OH overtone bandoes not contribute to the dissociation mechanism.

Time resolved experiments have begun to elucidate the roksofances in the
radical cation dissociation dynamics of halogenated methanes and larger polyatomic
molecule$ 2?7, A strongfield 780 nm pump generated radications and their dynansic
were probed using a wedield pulse at 780 nm. lon yields were resolved by mass
spectrometry and revealeghticorrelatedoscillations in the parent and fragment ion
signals. The oscillations were attributed to fragmentation that occurred whenever the
ground state ionic wavepacket encountered aph@on resonance with an excited ionic
dissociative state. The linear response of the fragmentation yield as a function of the probe
pulse intensity is consistent with a one photon resonance. In subsequienaywomp
controlprobe scheme was also investigated as a means to tadmithe halomethane
wavepacket. Here, a strong 780 nm pulse launched a wavepacket on the lower ionic
surfaceand a second IR pulse was used to manipulate the ionic surface, transferring
population to a neighboring ionic state. The control pulse altered the phase and amplitude
of the oscillations of the purAprobe signal and the results were interpreted thr@augh

photon locking and hole burning mechanism. Simulations and calculations qualitatively
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supported wavepacketontrol on the excited state potential energy surfaces in both
experiments, in particular, the importance of -pheton ionic resonances for the
dissociation of the molecul&he dynamics of the excited cationic states of azobenzene
have been investigated using an intense {:00cn?) ultrashort (~50 fs) laser pulse to
prepare the cation followed by a weak field probe pilsBhotoionizatiorinduced
twisting of the azobenzene cation CNNC phemyy torsional mode resulted in
oscillations of the parent and phenyl fragment ion signals. Calculations suggest the
formation of a vavepacket on a lower cationic surface initiates vibrational motion along
the reaction coordinate.

Calculation oftherelevantexcitedstatepotential energy surfa¢g®ES)and conical
intersections is cruciab understanidg the photophysics and photaehistry ofmolecular
system&3°. Nuclear and electronic modes may couple when the electronic configuration
as a function ohuclear motionthus leading to the possible transfer of a time dependent
wavefunction from one surface to another. In polyatomic molecules this transfer of energy
is facilitated by conical intersectionft a conical intersectionthe errgy difference
between two or more surfaceszero, and the derivative coupliagproaches infinity
providing the most efficient way faradiatioress transitions between stated. Conical
intersections play a fundamental role in the interaction of light with molesytdems
including biological molecule¥, proteind*, and DNA macromoleculés Conical
intersections have beereiatified in the isomerization reaction of cyclohexadiene to 4,3,5
hexatriend®. Excited state wavepacket on Bunched by a ultraviolet pump pulse
proceeds through a conical intersection betweean8 S which facilitates the ring

opening. Control of the wavepacket in the vicinity of tlusical intersection with a strong
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field 800 nm pulse suppressed the production of hexatriene at a pump probe time delay of
50 fs.3” Calculations suggest that the control pulse dresses S andthese dressed
states can cross with the field free states creating-iinghiced conical intersections to
controlthe ring openingAdditionally, strongHield ionization measurements of the radical
cation of uracil,supported by theoretical studigs®® 38 suggesthat dissociation of the
molecular ion proceeds in a stepwise mawmehe ground electrongurfaceof theradical
cation. The ab-initio calculations suggest that aapid radiationless decaprocess
transforns the electronic energy to vibrational energy on the ground ionic surface
producing the small fragments. A similar mechanism will be outlined in the later sections
of this chapter to explain the strong field dissociation dynamics of the acetophenone radical
cation.

In this chapter, @ measure the strong field ionization mass spectra in acetophenone
and its homologueas a function ofnfrared excitation wavelength.Acetophenone has
been subjected to numerous experimental and theoretical investigittpirsparticular,
calculations indicate the possibility for lelging electronic staté4 Photoelectron spectra
of acetophenorféreport three lowying excited states at 9.37 eV, 9.55 eV, and 9.77 eV.
The lowest lying state corresponds to the removal of an electron from theracsdiial
to form the ground ionic state. The second and third low lying states correspond to the
removal of thé rbital localized onthephengind t he del ocali zed °~ o
by the interaction of the ptpeclivglyf>. Herewer bi t al
determine whether a ofghoton resonance in the ground electronic state of the ion can be
accessed in the excited state manifold using a strong field excitation MAss. spectra

are recorded as a function of laser wavelength, intensity, and puitedu The results
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are interpreted in the context of high accuracy quantum calculations of thedexcit
electronic states of the ion. Furthermore, we investigate a series of acetophenone
homologues to ascertain the effects of molecular structure onisterese of a dissociative
resonance in alkyl phenyl ketone radical cationke Thass spectralesponse of
acetophenone and propiophenonéeracting with a range of excitation frequencies
between 1240 nm and 1500 nm and intensities fromi~8.0x10" W cm? arecompared
with those ofacetone and ethylbenzene, which share some, but btfa same obmical
functionalityas thealkyl phenyl ketong, as shown in figure 3.1
3.3 Experimental
3.3.1Sample peeparation
Acetophenone (99.7 %), propiagtone (99%), acetone (99%), and ethylbenzene
(98%) were all obtained from Sigma Aldrich and were not purified further. Approximately
1 milliliter of an individual sample was transferred to a glass vial that was fitted to a leak
valve on the time of fighinass spectrometer. The high vapor pressures of the samples
ensured that an adequate amount of sample was available for strong field ionization. The
freeze thaw process as described in chapter 2 was performed for every sample until the
pressure would nathange upon opening the leak valve while the sample was still frozen.
The time of flight mass spectrometer only supports one sample at any given time therefore
to perform experiments on a different molecule the samples was changed in the following
way. The sample was removed from the closed leak valve apparatus and the glass vial was

washed with acetone and methanol. The glass vial was placed in an oven &t fet00
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Figure 3.1. Molecular structures of a) acetophenone, b) propiophenone, c) acetone, and d)

ethylbenzene.
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~4-6 hours to remove residual solvent. The leak valve apparatus was heated to
approximately 50C to ease removal of any residual sample imthss spectrometer.
3.3.2 Strongfield ionization of molecular samples

The output of the previously described optical parametric amplifier in Chapter 2
was used to ionize the gas phase samples. Briefly, a Ti:Sapphire amplifier producing 1 mJ,
50 fs pulsesvas used to pump theollinear gtical parametric amplifier@PA) which
generates an ultrashort signal pulsa is readily tunable between the wavelengttisl&D
nm - 1550 nm with pulse durations fro®0 fs- 100 fs. The signal beam is expanded to
four times the original beam size using a combination of spherical mirrors and fills the
numerical aperture of planeconvex lens,f=20 cm, which allows for intensities
approaching ~18¢ W cm? to be reached in the focal region of the time of flight mass
sped¢rometer.Attenuation of the beam was performed using a circudaiable neutral
densityfilter. Intensity calibration is performed for each laser power by the simultaneous
ionization of xenon as described in Chaptewi@h an estimated error in intensity of +2 x
102 W cn?,

3.3.3 Pulse baracterization

Pulse durations for the following experimeate60 fs + 5 fs or 100 fs + 5 fs
across the spectral tuning range asasured by frequenagsolved optical gating. A flip
mirror in the path of the signal beam was inserted to direct the beam into the FROG for a
quick characterization without disrupting the experimental setup.

3.3.4 Mass spectrometer operating conditions
Mass spectravere measured using a linear 1 meter {ofilight systemoperating

in positive ion modeas described in chapter 2 500 mm slit was placed between the
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ionization and detection regions to restiittensity averaging over thécal volume A
digital oscilloscope (LeCroy LT372) averaged 5000 spectra to produce the ravldata.
sample of intereswasleaked into the vacuum chamlmravariableleak valve to attain a
sample pressure &5x 10° Torr. A second leak valvevas used to maintaithe xenon
pressure in thgacuum chambeat 7.5x10° Torr. The laser intensity aach wavelength
was internally calibrated for each measurenignintegrating the Xesignal yield.The
Xe" signals were fit to ADK calculations for tunnel ionization ofame gas atom to
determie the absolute laser intenéftyThe background vacuu pressure in the chamber
was ~1x 108 Torr that was measured continuously by an filament ion gtugeighout
the experiment.
3.3.5 Signal pocessing

The averaged spectra measured on the oscilloscope were sent to a Labview program
which plotted the signal intensity as a function of flight time. A background subtraction
was performed for the averagspectrum by subtracting the noise signal from the entire
mass spectrum. The raw mass spectra file was processed in a Matlab script which identified
the major peaks in the spectra, integrated them to obtain numerical ion vyields, and
converted the time axis a mass axis as described in chapter 2.

3.3.6 Supporting @lculations

The calculations in this chapter were performed by Maryam Tarazkar under the
supervision of Dr. Spiridoula Matsikd&lectronic structure calculationgonic surface
calculations, andscillator strength calculations betweesddd higher statesere carried

out using the Qchethand Gaussidfi series of programsA two state (/D) and three
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state (/D1/D>) conical intersection seams were identified using-GG¥SSCFandthe
algorithnf’ implementedn GAMESS"®.
3.4 Results and Disussion
3.4.1 Strong field onization of acetophenone
Mass spectra were measured for acetophenone as a function of excitation
wavelengths ranging from 7901500 nm and as a function of laser intensity ranging
from 8 x 10 W cm? to 8 x 10 W cnv2. Figure 3.2 displays the raw mass spectra for
acetophenone upon strong filed ionization with the laser pulses centered at a) 790 nm, b)
1270 nm, and c) 1430 nm. The xenon ion signal is clearly defined in all three mass spectra
at mass to charge ratio of ~13Me laser intensity is 7.0 x oW cnm2. Since there is no
wavelength dependencerfine ionization probability ithe limit of tunnel ionization, the
laser intensity can be accurately meaduusing the ion response for xenleaked
simultaneously into the chamber to calibrate the experimental intensity for each mass
spectral measuremeéntThe xenon ion yield is a direct measurement of laser intensity and
allow mass spectraith equal xenon ion signal to be compared diredtheions that are
detected in thenass spectraf acetophenonare the paent molecular ion (m/z=120),
benzoyl fragment ion (m/z=105phenyl fragment ion (m/z=77), acetyl fragment ion
(m/z=43), and methyragment ion (m/z=15). The largest feature in the mass spectrum are
the parent molecular ion or benzoyl ion. The phenyl, acetyl, and methyl ions are the most
prominent ions with m/z 77 and decrease in ion yield, respectively. In order to determine
that we areccessing the tunneling regime in gpectraregion from 1156im-1500 nm,
we compared the fractional yield of ions with 7 (normalized to the total ion yield)

as a function of laser intensity at six excitatiwavelengths, shown in figet 3.3 The
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Figure 3.2 The raw mass spectra of acdtepone with strong field pulsesentered at a)
790 nmb) 1270 nmand c) 1430 nmThe following ions are labelled as: Xe&enon; M,

parention; MCHs", benzoyl ion; GHs"*, phenyl ion; COCH, acetyl ion, and Cki, methyl

ion. The structures of the fragments are given in the mass spectra at 790 nm.
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fractional yield of smalfragment ions isapproximately twice as high at Gm as
compared to the IRvavelengths, which suggests that multiphoton ionizatsrhe
dominant mechanism at @&m, while tunnelonization dominates in the IR, in agreement
with previous strondjeld polyatomic investigatiorfs In the tunnel ionization regime the
ground electronic state of the radical cation is more likely to be populated, allowing the
enhanced product i camparisédn wihcrultipthaton éxcitationn Bhe i n
wavelength independent behavior of the small mass fragments ion yieldsy m/Quggest

the internal energy of the acetophenone radical cation upon tunnel ionization does not
depend on the excitation wavelengtbnr1150 nm to 1500 nm. Therefore, the high parent
ion yield and lack of fragmentation at timnérared wavelengths supports the formation of
the ground radical cationic state that canve as d&aunch state for spectroscopy in the

strong field regime if avavelengthtunable excitation source is used.

3.4.2 Mass spectral response of acetophenone in thibabatic ionization regime
At a fixed laser intensitgand constant pulse duration of ~100 fs across the tuning,range
the parent and benzoyl fragment ions of the acetophenone radical cation demonstrate
anticorrelated behavior in their relative yields as a function of excitation wavelength from
1150 nmto 1500 nm. The integrated ion yields are plotted as a functioxothion
wavelength in figure 3,4or laser intensities ranging from 2.1 x!4@ 8.8 x 16*W cm
2. The signals are normalizéathe maximum yield of the benzoyl ion at the highest laser
intensity. The ion signals are independent of excitation wavelength in the blue region of

the tuning rang€l150 nm- 1320 nm). However, as theavelengthss tuned towards 1330

nm, the yieldof the benzoyl fragment ion increases and that of the parent decreases
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consderably. This behavior continues to increase reaching a maximuthe benzoyl
fragment and a minimum in the parent iortteg same wavelength, 1370 nmpfaoton
energy of ~0.®V). Further increase in the excitatiavelength results in a decrease
the benzoyl fragmenfield and an increase in the parent yield up to the reddest wavelengths
available with our system.The ion signal response with respect to excitation wavelength
was similar for all laser intensities investigatélthe response of thghenyl ia signal in
figure 3.4 and acetyl and methyl ions (not showmgeasured at a laser intensity of
6.1x13°W cm?), reveals that lower mass fragments are not sensitive toahie of
excitation wavelength. A similar mass spectral response cudepisted in figure 3.6{
for the acetophenone radical cation when ionized with 60 fs pulse and an intensity of 6.0
108W cm?. At an excitation wavelength of 1240 nm the acetophenone molecular ion,
solid red curve, is the most abundant species. Emedyl yield, solid blue curve, is
maximum and the parent ion signal is minimal at 1370 nm for acetophenone. At longer
excitation wavelengths > 1400 nm, the benzoyl ion and parent ion yields return to nearly
equal intensity. The signal intensities of fbever mass fragments, phenyl, acetyl, and
methyl, of acetophenone are provided and remain constant over the tuning range at this
pulse duration.
3.4.3 Strong feld responseof the acetophenone homologues: propiophenone,
acetone, and ethylbenzene

The acetphenone homologues, propiophenone, acetone, and ethylbenzene
were subjected to strong field ionization in the wavelength range of 12400L%%0 nm.
Figure 3.5 depicts the mass spectra of the homologues at 1250 nm, 1370 nm, and 1440 nm

with a 60 fs pulserad an intensity of 6.8 10'*W cmi2. The mass spectra of
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Figure 3.4 Integrated ion signals of acetophenone as a function of excitation wavelength
andat varying laser intensitie3he ion signals are normalized to the maximum benzoyl
signal at thehighest laser intensity. The dashed, solid, and dotted curves represent the
phenyl, benzoyl, and parent ions, respectively, and color denotes the laser intensity. The
phenyl ion signa{green)is plotted at 6.1 x X8 W cn?. The inset magnifies the regio

with depleted parent ion yields enclosed in the yellow box. Pulse durations were ~100£10

fs throughout the tuning range.
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Figure 3.5 Mass spectra as a function of excitation wavelength for (a) acetophenone, (b)
propiophenone, (c) acetone, and (ithytbenzene. The excitation wavelengths represented

in the colored mass spectra at blue, green, and red are 1250 nm, 1370 nm, and 1440 nm,

respectively. Mass spectra were taken with a 60 fs pulse at ~& O¥ 102,
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Figure 3.6 Normalized, integrieéd ion signals for parent and daughter ionalkyl phenyl
ketonesand homologues(a) The parent ions of acetophenone and propiopherare
denoted by the solid red and dashed liegs, respectively. The benzoyl ions of
acetophenone and piliophenone arelenoted by the solid blue and dashed bines,
respectively. The phenyl, acetyl, and methyl ion fragments that aeginffom
acetophenone are showrhe ion yields are normalized to that of the respective benzoyl
ion at 1370 nm. (b) Normalized, integed ionsignals for parent and primary daughter ion

of ethylbenzene and acetone. The signals are normalized to their respective parent ions at
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acetophenone at identical wavelengths is given as reference. Propiophenone, containing a
phenyl ringcoupled to a carbonyl group functionalized with an ethyl group, is most
chemically similar to acetophenone. Figure 3.5(b) provide the raw mass spectra for
propiophenone at an intensity of 6.0 x*3@v cm? for the identical wavelengths as
acetophenone. e mass spectral response of propiophenone is strikingly similar to
acetophenone. At 1250 and 1440 nm the mass spectra of propiophenone contains
predominantly benzoyl and parent ion peaks, while at 1370 nm the parent ion is
significantly reduced and thetweoyl ion increases. The yields of lower mass fragments of
both alkyl phenyl ketones, aetophenone and propiophenone, are small at all the
wavelengths investigated which is consistent with the low degree of fragmentation
typically observed in tunnel ionizah. To help elucidate the mass spectral response of
acetophenone, an identical plot of the ion intensities forpdrent and fragments of
propiophenone in the range of 1240 AmMi550 nm is shown in figure 3.6(a). At an
excitation wavelength of 1240 nnhg propiophenone molecular ion, dashed red curve, has
an approximately equal intensity to the benzoyl fragment ion, dashed blue curve. The
benzoyl yield is maximal and the parention signal is minimal at 1370 nm in propiophenone.
At longer excitation wavengths >1400 nm, the benzoyl ion and parent ion yields return
to nearly equal intensity. The low mass iongpadpiophenone respond similarly to the
corresponding acetophenone fragments and are not shown.

In the case chcetonethe phenyl ring is elinmated in comparison to acetophenone
and is replaced with a methyl group. The raw mass spectra ohacgére recorded over
the samduning rangeas acetophenore similar strong fieldintensities. Figure 3.5(c)

givesthe raw mass spectra of aceton@ 280, 1370, and 1440 nm. The mass spectra are
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almost identical at all excitation wavelengths and the fragmentation pattern exhibits no
wavelength dependence. The mass spectra is dominated by the parent ion and little
fragmentation which is consistent titunnel ionization. The integrated parent and
fragment yields for acetone as a function of excitattamelength is shown in figure 1§.

The paent radical cation, dashed reagrve, of acetone carries >95% of the ionization yield
with minimal fragmentaon into small quantities of nileyl and acetyl ions, dashed blue
curve.

In ethylbenzene the acetyl group, which is comprised of a carbonyl group and
methyl group, is absent in comparison with acetophenone and is replaced with an ethyl
group. The raw masspectra of ethylbenzene were recorded over the tuning range of the
signal pulse at sing field intensities. Figure 3.5(dhows the raw mass spectra of ethyl
benzene at 1250, 1370, and 1440 nm. The mass spectra are identical at all wavelengths
with the parent ion dominating the total ion yield. This is similar to the lack of wavelength
dependence seen in acetone and again the fragmentation pattern supports tunnel ionization.
The integrated parent and fragment yields for ethylbenzene as a functianitafien
wawelength is shown in figure 3.6(b)The parent radical tian of ethylbenzene, solid red
curve, carries ~80% of the ionization yield with additional fragmentation into small
amounts otthyl and toluyl ions, solid blueurve.

3.4.4 Analysis dweak field gpectroscopyusing a strong field laser pilse

3.4.4.1 Effect of pulse duration on parent to benzoyl ratio

We propose that the waveleng#solved strong fid response observed in figures

3.4 and 3.6(a) for the acetophenone radical cationbeaattributed toca onephoton

transition between theground ionic state to a low lying dissociativéonic state.
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Examination of the signal response as a function of laser pulse duration tegidtieesis

that we are performing weak field (linear) spestiopy of ions sing a strong field laser
pulse. The following model was developed with the help of Professor Dmitri A. Romanov
that describethe wavelength dependent dissociation of the parent igrnt¢Ahe benzoyl
fragment (B) as a first order unimetular decay driven by the absorption of a photon by

the following equatior3.1;

B, =5, 1(1)g(A, (3.1)

where U is the cross section for excitation to the dissociative stat@ function of
wavelength, I(t) is the envelope of the laser intensitg(t) represents the time delay
between ionization and excitation to the dissociative stategration of equation 3.1 over

the pulse duration reveals thaidB olB., wherel is the integrated intensity profile of the
pulse. In the vicinity of the resonance, the parent ion is nearly depke$esgen in the inset

to figure 3.4 and thus the amount of parent ion at 1370 npgzohy, is much less than the
amount of parent ion at 1200 nmy28nm We can plot the ratio of beoyl to parent ratio,

Bo/As, as a function of excitation wavelength and this allows for the direct comparison of
the reduced density of parent ion at the resonance to other excitation wavelengths. The
ratio B/Asis plotted as a function of excitation weength for the 106 and 60s pulses

at a laser intensity of 6.1 x oW cm? in figure 37. At both pulse durations, the ratio
reaches a maximum at ~0.9 eV and the integrated intensity of the benzoyl to parent ratio is
four times more intense when ogi the 100 fs pulse as compared to the 60 fs pulse.
Additionally, the centroid of the benzoyl to parent ratio is shifted to longer wavelengths

with a 60 fs pulse as seen in Figure 3.7 as compared to the benzoyl to parent ratio with a
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100 fs pulse.To hdp support the notion that the strong field behavior depends on the pulse
durations, the pulse profiles ifglire 3.8 were retrieved and characterized using frequency
resolved optical gating. Both pulses are centered atrir@7ihe 60 fs pulse containsare
spectral bandwidth and the 100 fs pulse has less spectral bandwidth consistent with the
energy time uncertainty relationship. Assuming flat phase across the frequency spectrum,
shorter pulses are supported by larger bandwidths and longer pulsenhdreweer
frequency spectra. Fitting the ratio of benzoyl to parent ion ratio to a Gaussian function,
the full width at half maximum of the ratio response for a 100 fs excitation pulse (blue
squares) is ~26 meV. The raw benzdata in fgure 34 has a fullwidth half maximum of
~50 meV. Convolution of the ~30 meV spectral bandwidth determinettiebf-ROG
measurement in figure 3.8 wib meV rovibrational distribution anticipated from the
Boltzman distribution of the ground state neutral at room temperaturesponds well
with the resolubn of the raw benzoyl dat&imilarly the broader spectral bandwidth of
the 60fs pulse produces a broader full width half maximum of 40 meV in the benzoyl to
parent ratidn figure 3.7. This correspondence between tHeepspectral bandwidth and
the resolution of the molecular response feature is consistent with a one photon process. If
the molecular process arose for higher order excitation processes we would expect a
narrowing of the response function in comparisoth®spectral bandwidth. Finally, the
intensity of the excitation pulse does not shift the location of the resonance, as seen in
figure 3.4, suggesting that Stark shifting is not involved in the excitation process.
3.4.42 Parent to benzoyl ion yeld versus intensity
The inset of figure 3.7 plots the benzoyl to parent ion ratio using 60 fs and 100 fs

laser pulses at an excitation wavelength of 1370 nm as a function of laser intensity.
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Figure 3.7. Benzoyl to parent ion signal ratio at 6.1'X%¥0 cm®. The red and blue curves
are associated with data obtained with 60 fs and 100 fs pulses, the molecular response
feature is consistent with a eploton resonant process. Inset: Benzoyl to parent ion signal

ratio at 1370 nm as a function of laser intensity
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Figure 3.8.SHG-FROG datdor pulses centered at 1370 nm with different pulse
drrations a) 60 fs and b) 100fs Upper panel: The retrieved spectrum of the laser pulses.
Middle panel: The retrieved electric field of the laser pulses. The 790 nm laser pulse has
a pulse duration of 74 fs and the 1450 nm laser pulse duration is ~65 fs. Lower Panel:

The measured and retrieved spectrograms of the 60 fs and 100 fs laser pulses. The retrieval

error for both FROGs was < 0.5%.
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Figure 3.9. Energy level diagranof the ground ionic and excited ionicstates in
acetophenonealculated at two geometries, the Binimum (minimum of the neutral
ground state) and theinimum (minimum of the ionic ground stat&je zero of energy

is set to the minimum energy of the cation groutadesGround and excited states for the
acetophenone ionvere calculated at the EOMIECSD6-311+G(d) level of theory
Equilibrium geometries of the neutral and the cation are shown and the calculations were

performed by Maryam Tarazkar.
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Examination of tk data providesdalitional evidencé¢hat supportshie existence of a one
photon transitionin the ground state radical catioit each intensity, the 100 fs pulse
produces a higher product ratio in comparison with the 60 fs pulse. Both pulse durations
reveal a linear response in the ratio function as a function of intensity at the resonant
excitation wavelength of 1370 nm. The linear response with laser intensity is consistent
with the intemsity dependence given in equation i a first order excitatin process
3.4.5lonic state energies as a function of dihedral angle

Quantum chemistry calculations were perforrbgdvlaryam Tarazkato interpret
the resonance feature and the pulse duration dependence of the benzoyl/parent ratio.
Electronic structurealculatons of the radical cation were performed ugimg EOMIP-
CCSD/6311+G(d) methodThe energy difference between the ground and first bright
excited ionic state at the equilibrium geometry of the ion is 0.87 eV, which is in very good
agreement wit the measuredpectral feature that peaks at 0.9 eV in Figure 3.6 for the
acetophenone datéhe excitedstate energy dgrams are summarized in figure 3The
calculations show that the moleculgon vertical ionization, is initially plangpheny}t
acetyl dihedral angle, dand the spacing between the electronic states is very. stz
selection rules at this geometilictate that transitions from the ground fate to either
D1 or D, states are forbidden. Once the molecule is ionizedtetyl group initiates an out
of plane torsional rotation with respect to the phenyl ring within the duration of the pulse.
The phenyacetyl dihedral angle of the optimized geometry is 44rsional motion
around the phenyl acetyl bomduses the gapetween [ and the higher ionic states to
increase and transforms the © D» transition from forbidden to allowed. The oscillator

strengths for the transitionss B Dy and Dy to D2 are 0.002 and 0.046, respectively, at the
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minimum in the @ potential @ergy surface (see cation equilibriunogeetry in figure 3.9
In the ground ionic state the paired electron is on the carbomiylg while in D it is on
the phenyl grouprl'he dissociation energyf the carbonyl methyl borltas been calculated
to be 0.82V*, thus the photon energy deposited iridsufficient to lead to dissociation.
The larger ratio of benzoyl fmarent ioryield measured with longer duration pulses at 1370
nm can be understood in terms of torsional motion around the paeetyll bond. Upon
ionization the acetyl group will begin to rotate out of plane, #nlsganang the transition
dipole moment therefore the losgpulse duration extends the laser molecule interaction.
The longer pulse duration gives a higher probability that a transition to the excited ionic
state can occur since photons will be present in the trailing edges of the pulse to induce
excitationto the D, state as the molecule approaches the equilibrium geometry. Excitation
to the D state will ultimately lead to the corresponding enhancement of benzoyl ion signal
and suppression of parent ion signithus both the signal intensity and ultimate spect
resolution increase with increasing pulse duration.
3.4.6 Structural effects on the observed mass spectral response feature

Acetophenone, propiophenone, acetone, and ethylbenzene were subjected to strong
field ionization in the wavelength range ti240 nm- 1550nm to probe the dissociative
ionization mechanism described in the previous sectibhe.pulse durations for these
measurements are kept at 60RPsopiophenone is most chemically similar to acetophenone
and contains an ethyl group coupledthe carbonyl group rather than the methyl group.
In acetone and ethylbenzene, the phenyl ring and carbonyl group, respectively, are not

present in comparison to acetopheone.
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To explore the wavelength dependence of the dissociation of the radical @fatio
acetophenone using strong field near irdcaradiation reported in the last sectiéithe
wavelengthresolved measurement was repeated on a series of homologouslesaieau
included propiophenone, acetone, and ethylbenzene. The integrated ion intensities of the
parent ad fragment ions are plotted imgéires3.6(a) and 3.@) as a function of laser
excitation wavelength. The similar wavelength dependence of thetpamdnbenzoyl
fragment ion yields for both acetophenone and propiophenone, in particular with respect
to fragmentation into the benzoyl ion near 1370 nm, supports the hypothesis that there is a
onephoton resonance in the alkyl phenyl ketones that lead®naoyl fomation, as
discussed previousl§ Here, we propose ionization and dissociation mechanisms to
explain the fragmentation processes observed upon excitation wathretbonant
wavelength.

In the 1240 nm to 1550 nm excitation wavelength range studiediheraplecules
are proposed to undergo tunnel ionization to populate the @jfonit surface. The ground
ionic stateserves as a launch state for subsequent phatochkreactios. To distinguish
tunnel ionization from multiphoton ionization in the initial reaction step, the Keldysh
parameter 29 may be utilized. This paramet e
to a characteristic tunneling frequency thepends on the ionization potehaad the laser
field magnitudé®’.l f o2>>1, mul ti photon ionization is
field ionization (combination of tunneling and barrier suppression ionizadimmjnates.

In our experiments, the calculated values of the Keldysh parameters for acetophenone
range from 0.59 (at the laser wavelength of 1550 nm) to 0.73 (at the laser wavelength of

1240 nm). The observed increased yield of parent molecular ion asreahtp excitation
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at 79 nm (in the multiphoton regime) shows the importance of using tunnel ionization to
produce a large populati in the cationic ground stéte

At a resonant wavelength, the population of the ground ionic state can be selectively
transferred to an excited electronic state of the ion to undergo dissociation provided that
there is a notzero oscillator strength coupling the two states and that the estatedeads
to bond cleavage. In the case of acetophenone, dissociation was observed to occur
exclusively to the benzoyl ion fragment upon excitation from thstéte to the Pstaté®.

The vyield of the smaller fragment ions displayed no wavelength dependence as they were
presumably created through another mechanism. The similarity of the wavelength
dependent response for acetophenone and propiophenone suggests thatetthestaxeit

that is responsible for the resonance resides mainly on the benzoyl portion of the molecules
rather than the alkyl functionality. Therefore we propose that the samgitayexcited

ionic state is involved in the ofghoton resonance in both moldes.

To test whether the benzoyl group is required for the dissociative ionization
resonance observed in the alkyl phenyl ketones, speetesibjved measurements were
performed on acetone and ethylbenzene. In contrast to the alkyl phenyl ketones, the
intensities of the parent and fragment ions of the homologous molecules acetone and
ethylbenzene, shown in figure 3.6(@main constant over the entire wavelength tuning
range, suggesting that there are no-lgivg dissociative states for these molesuile the
range between 1240 nm and 1550 nm. In comparison with acetophenone, acetone lacks the
phenyl functionality (replaced by a second methyl group), and ethylbenzene lacks the
carbonyl functionality (replaced by a methylene group). This implies tleatdkpled

phenyl and carbonyl functional groups are required to create-gyilogvdissociative state
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accessible in the ne@frared region. The fragments observed in acetone and ethylbenzene
presumably arise from excitation to higher states, withweet nonlinear excitation cross
section. Previous investigations of ace®rmnd ethylbenzeR&helped to elucidate the
dissociation mechanisms of polyatomic molecules in the strong fielthees}i800 nm and

the dissociation distributions of both molecules were explained in terms chéfsisted
mechanisms.

3.4.7 Presence of conical intersection in the acetophenone radication

Dissociation is often mediated by nonradiative passage froexeited state to a lower
energy staf&°*%°, Conical intersections facilitate the nonradiative decay and have been
identified in numerous polyatomic molecules and biologically relevant sy&teths
Thereforecalculations othe potential energy surfaces for thg Dy, and D states to locate
conical intersections that can mediate such nonradiative relaxaéion performed by
Maryam TarazkarAt the MCSCF/cepVDZ level of theory conical intersectiorege
revealednear torsional angles of 1° and 22° degrees. Figu2shows the ground and
excitedstate energies in the acetophenone radical cation versusdhetyy changes at

the S minimum, D minimum, /D1 conical intersection found at 22°, and/Dy/D-
conical intersection found at 1°. The wavepacket nonradiatively relaxes int@ Stat®
either directly through the dID:/D> conical intersection, or gtevise through two
individual two state conical intersections. The minimum on thébseam was located

at 22°, and the minimum on the/D; seam at 1Rads to the BID1/D> conical intersection.

The presence of thepllD1/D> conical intersection indicatéisat the B/D; and D/Do seams

are easily accessible and facilitate nonadiabatic transitions. The torsional angle of the acetyl

group is the critical coordinate in both the one photon excitation todk&a® and the
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Figure 3.10 Energy leveldiagram of the ground ionic and excited ionic states in
acetophenone as a function of geometeyformed by Maryam Tarazkafhe zero of
energy is set to the energy of the optimized ground state. Conical intersections for the
Do/D1/D2 and Dy/D: states arshown as well as the equilibrium geometries of the neutral
and the cation. The red, green, and blue represent the energies gffheddd D states,
respectively; the yellow denotes thag 8nd D energies are equal. The curved orange
arrow denotes tunel ionization from &to Do and the straight orange arrow denotes a one
photon transition from Bto D.. The ground and excited states for the acetophenone ion at
the conical intersection points,oD1/D> and /D1, were calculated at the MCSCF/cc
pVDZ level of theory while the energies atrBinimum and @ minimum are calculated at

the EOMIP-CCSD/6311+G(d) level.
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radiationless relaxation back to the €ate. The @CHsbond length shortens to 1.50 A
for both conical intersection points {ID1/D2 andDy/D1).
3.4.8 Dissociation mechanism of the acetophenonadical cation

We propose the mechanism for the dissociation of the carpagtylyl bond in the
acetophenone radical cation in figure 3.18ll surfaces were calculated by Maryam
TarazkarTunnel ionization (step 1) prepares a launch state.ikMxhin the ionizing pulse
duration the molecular ion relaxes to its equilibrium geometry through a torsional motion
(step 2) finding a minimum when the torsional angle reache§ &% geometry édws for
the absorption of a 0.9 eV photon which transfers population from dseifface to the
PES of the bright bstate (step 3)Once the transition is completed the wavepacket travels
down the D potential energy surface (step 4) toward the inittaafgle of the vertical
transition state accessed upon tunnel ionization. The wavepacket then proceeds to the
ground ionic surface at thé forsional angle through a conical intersection involving the
Do, D1, and D stateghrough a radiationless decaychanism (step 5)n the ground ionic
state, theelectronic energy igonverted to methytarbonyl vibrational energy due to
anharmonic couplings (step 6)lhis kinetic energy can then be used to dissociate the
cation, as the 0.9 eV of energy absorbedeers the 0.82 eV needed to dissociate the
methykcarbonyl bonéf. The dissociation of the uracil radical cation in strong field
experiment¥ was also consistent with such a radiationless decay mechanism where in the
excited state electronic energy is converted to vibrational earthe ground ionic state.
The red shift in the benzoyl to pant ion ratio in Figure 3.7 with a 60 fs pulse can be
explained by the above dissociation mechanisfn.longer pulse duration allows the

wavepacket to reach the bright region on a timescale where a single photon in the trailing
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Figure 3.11The proposed mechanism of benzoyl formation via tunnel ionization
and a ongohoton absorption. The first panel shows the mechanism along@é; 6ond
length and the second panel depicts the mechanism alongGhk @hedryl angle. The
figure is numerally annotated to aid in the interpretation of the mechanism. The curved
orange arrow signifies formation of the parent molecular ion and the straight orange
arrow signifies the resonant eploton transition to B Potential energy surfaces were

calculaed by Maryam Tarazkar
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edge of the pulse effectively transfers population to theutface leading to the enhanced
benzoyl production. The shorter pulse duration will still trangégrulation to the Pstate

but with a lower probability as evidenced by the reduction of benzoyl to parent ratio with

a 60 fs pulse in Figure 3. 7. The wavepack
within the duration of the shorter pulse therefore leading tertedler benzoyl to parent

ratio. However, the red shift in the benzoyl to parent ratio with a 60 fs pulse is observed
since as the cation proceeds toward the optimized geometry theddonzero oscillator
strengths betweendand D> and the smaller engy gap between the two states allow the
transition at shorter wavelengths (smaller photon ene@gntum chemistry calculations
performed on the parent molecular ion of propiopherstrosy the energy gap between the

ionic ground state Pand the first dght excited state Dat the equilibrium geometry is

0.88 eV. This value is in agreement with measured resonance&.OT%e calculations
showed that upon tunnel ionization the molecular ion emerges in the planar neutral
geometry. The geometry optimiat calculation reveals that the acetyl group initiates out
of-plane torsional rotation with respect to the phenyl ring, which is very similar to the
acetophenone case. This suggests that the mechanism of dissociation of the propiophenone

parent ion will & similar to that of the acetophenone parent ion.

3.5 Conclusions
An excited state ionic resonance has been directly measured in the strong field

regime. The signature of the resonance is extracted from thenfreaed wavelength
dependent mass spectrakponse of the benzoyl fragment and parent ion sigreapair
of alkyl phenyl ketonesfter tunnel ionization.In contrast, similar homologues show no
wavelength dependence ineth fragmentation patterns. Thiéynamic resonance is

consistent with a anphoton transition from a ground ionic state to an excited dissociative
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state. The linear signal response of the benzoyl to parent ion ratio as a function of laser
intensity, the response as adétion of laser pulse duratidsd@ndwidth, and the agreement

with preliminary calculations support this hypothesis. Following population of the ground
ionic state by tunnel ionization, population transfer to thestate occurs if the pulse
contains resonant photons. Once on theuface the population decays be O, surface
through a threstate conical intersection that leads to dissociation along-thel{®ong

length coordinate. The energy gap farDy in propiophenone was calculated to be 0.88

eV, suggesting that the mechanism of dissociation of the plogmne parent ion is
similar to that of the acetophenone parent ion. Further experiments into thesiohesd
dynamics will be useful to elucidate the wavepacket dynamnck aid in designing

coherent control schemes.
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CHAPTER 4
RADICAL CATION SPECTROSCOPY AND CONTROLLED
DISSOCIATION OF SUBSTITUED ALKYL PHENYL

KETONES IN THE STRONG FIELD REGIME

4.1 Overview

A new strong field spectroscopy technique detailed in chapter 3 has
successfully measured the low lying cationic states in alkyl phenyl ketones. This chapter
will extend the spectroscopic technique to seriesubkstuted alkyl phenyl ketones to
understand how substituent groups effect the dynamic cationic resonance and subsequent
di ssociation dynami cs. Ma s&a ds (oMo, metaandar e me
para) me t hy,| - & dn d-hydt@yacetopbnone excited at wavelengths ranging
from 1200 nmi 1500 nm in the strong field regime. Preferred dissociation is observed in
both sets of molecules at 1370 nm similar to the acetophenone case. Depletion of the parent
molecular ion is enhanced as the mgégubstituent is moved from th@tho to metato
paraposi tion on the phenyl ring witdadna-e3pect
hydroxyacetophenone, the mass spectra remained unchanged as a function of excitation
wa v el en g thydroxgacetoperbide exhibited similar behavior at 1370 nm in
comparison to acetophenone. These trends are explained in terms of theagkényl
di hedr al angl e, barriers to internal rot at
results help elucidate the effs®f substituents on the torsional motion of radical cations
and illustrate the viability for controlling molecular dissociation through the addition of

substituent groups.
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4.2 Introduction

A central goal in chemistry is to understand and manipulate rihygegies of a
molecule through the addition of chemical substituents at particular sites on the molecule
3. Drug dscovery*’, material scienc&'?, and other variousields all benefit from the
systematic examination of the roles of substitution. Simple substitution of electron
donating or electron withdrawing groups can have a significant effect on the electronic,
vibrational, and rotational levels of the systéf. Techniques such as carbb® nuclear
magnetic resonance have been used to eligcittee effect substituents have on the
electrophilicity of the carbonyl carbdf in substituted alkyl phenyl ketones and to help
explain chemical shifts in spectroscopic data that are due to steric hindrance or hydrogen
bonding "8,

Recently, strong field ionization and mass spectrometry have been employed to
assess the effects of substituent groups on molecular properties such as cationic excited
state energies, vibrational walings, and dissociation dynamit$®2?%, In fluoro- and
methoxysubstituted phenols, the position of the substituent on the phenyl ring was found
to influence the adiabatic ionization energy and vibrational energy Y&veBimilar
substitution effect@as compared to the fluorophenols were obtained when substituting
benzene with the isotopes of chlodhe Time-resolved experiments and quantum
calculations for trifluoroacetone atrichloroacetone revealed enhanced dissociation when
the delay between the pump and probe pulses matched the vibrational dynamics of the
respective molecules, with the longer vibrational period of trichloroacetone correlating
with a longer time delay proding the maximum fragmentation yiéd Time-resolved

studies of halogenatentiganometallic compounds CpFe(GCR)X = Cl, Br, I) revealed an
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inverse correlation between the halogen size and time required for dissociation of both CO
ligands from the compound. This trend was attributed to the more efficient overlap of the
chlorine obitals with the metal center in comparison with those of the larger atoms
bromine and iodiré. The relative yields of halogen ions from halomethanesX3HX,

Y = F, ClI, Br, I) have also been found to increase systematically as a function of halogen
size upon interaction with families of ultrafast laser pulseh pitase shaping using an
adaptive genetic algoritifhand varying the polynomial spectral phEs®. In these
studies, the incased halogen ion yields from bromireind iodine containing molecules

were attributed to their lower ionization potentidltie study of hydroxy groups on the
molecular dissociation of alkylphenols has been studied in the strong field regime ranging
in excitation wavelength from 800 nm1500 nnf®. It was determined that the vibrational
overtone of the hydroxy group in the wavelength range of 1200 a600 nm did not
increase fragmentation of the molecular cation, however less fragmentation was observed
using longer excitation wavelengths.

The multiphoton ionization processes occurring in  strong field
photodissociation/ionization experiments using 800 nm, and shorter laser wavelengths can
make mechanistic interpretation of substituent effects in largerajpohic systems
difficult. The mechanism may be obscured by the population of multiple vibronic states in
the cation and such excited states often result in a high degree of molecular dissociation
through various pathways. When a molecule interacts vgittoag field laser pulse (>0
W cn?), the radical cation can be produced via multiphoton and/or tunnel ioniZ&tipn
populating one or more electronic states. To distinguigmel from multiphoton

ionizati on, the atomic Kel dy3hwhpareamextel,
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multiphoton ionization is thelominant mechanism and tunnel ionization dominates if
2<<1. Mul ti photon i onization in the stron
cation electronic statesp¥¢ [e>, |le>é due to the simultaneous
photons, each with ergyr less than the ionization energy of the systefihese states can

relax through internal conversion to produce vibrationally hot molecules that are involved
in the dissociation process and result in a high degree of fragmetiaticrhe difference
between molecular fragmentation patterpsrumultiphoton and tunnel ionization was first
demonstrated in linear polyen&swhere excitation at 800 nm resulted in a high degree of
fragmentation, while excitation at 1450 nm produced primarily singly and doubly charged
parent molecular ion. Although lowering the inteypsit the excitation pulse that initiates
multiphoton ionization can help minimize ladder climbing, this also decreases the observed
ion signal in gas phase experiments. A significant decrease in ion signal makes it much
more difficult to work in the stranfield regime since the signal begins to approach the
noise level of the instrument at low enough intensities. In the adiabatic limit, tunnel
ionization leaves the molecule in its ground radical cation state,dth little excess
vibrational energy. Reduced molecular fragmentation upon excitation with -tiear
wavelengths as compared to 800 nm has since been observed in various molecules
including naphthalen®, anthracené®, alkylphenol$® and acetophenofie Additionally,
polarization effects on thenization and fragmentation of gas phase radical cations have
been observed in anthracéhebenzen®, and Go** with both 800 nm and 1400 nithe
fragmentation and electron recollision process could be controlled by varying the
ellipiticity of the laser field in the case ahthracene and benzene. Enhanced fragmentation

in Cgo with elliptically polarized 800 nm pulses was attributed to high energy electrons
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recolliding with the cation multiple times while at 1400 nm charged states3f €ould

be identified. We propose ththe adiabatic ionization mechanism at longer wavelengths

has important consequences for electronic spectroscopgd c oher ent contr ol
parent molecular ion formed by tunnel ionizatoncanbus ed as a @Al aunch s
excitatiorf® thus enabling more straightforward interpretation of the resulting
fragmentation dynamics.

An emerging theme in the area of controlling chemical reactions in the strong field
regime is the role of dical cation excited states in the dynamics of molecular
dissociatiofi®4’.  Strongfield tunnel ioniz&ion/dissociation measurements using
wavelengths ranging from 1200 inl500 nm have recently been used to probe the low
lying cationic electronic states of a pair of alkyl phenyl ketones, specifically acetophenone
and propiophenorié It was reported in the chapter 3 that under adiabatic ionization
conditions, the parent rfexular ion is typically the dominant photoproduct in the mass
spectrum using near infrared excitation wavelengths. However, upon ionization of
acetophenone with 1370 nm, a significant depletion of the parent ion yield was observed,
accompanied by an inased yield of the benzoyl photoproduct (corresponding to the loss
of the methyl group). This enhanced dissociation feature in the mass spectral response at
1370 nm was only observed for molecules containing both the phenyl and carbonyl groups,
the responseof the homologues ethylbenzene and acetone were feat(tel€hs
formation mechanism of the benzoyl fragment upon excitatimm 1B, to D2 is revisited
in figure 4.1. Upon vertical ionization (step 1), the radical cation of acetophenone is
produced at a torsional angle of O degrees between the phenyl and acetyl moieties.

Subsequent relaxation of the cation (step 2) increasesiémykacetyl dihedral angle to

100



f(DgDy) 70au.  fiDyD,) $0046au.

150 20 40 60 80

~"1.7. . phenyl-acetyl dihedral angle (deg.)

21 __a\e®
o ':00(\

Figure 4.1: The proposed mechanism for the dissociation of the acetophenone

radical catiorf®. The black, red, green, and blue curves correspmtite $, Do, D1, and

D> states respectively. Tunnel ionization (step 1) launches a torsional wavepacket on the
ground state bof the parent molecular ion, which relaxes to its equilibrium geometry (step
2). At the energy minimum, the wavepacket undesgoenephoton resonant transition to

the D» state (step 3). The wavepacket proceeds down theuace reaching a conical
intersection (step 4) that converts electronic energy to vibrational energy leading to bond

dissociation along the-CHs bond coorthate (step 5).
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44 degrees, with the oscillator strenf(fbo-D2) between the two states increasing from 0
upon vertical excitation to 0.046 at the relaxed geometry. Once the molecule reaches the
relaxed geometry, the trailing edge of the laser pulsexeite a resonant transition to the

D, state (step 3). The wavepacket then propagates on theflce to a conical intersection

of the Dy, D1, and D ionic surfaces at a torsional angle of zero degrees (step 4). The
nonadiabatic nature of the conicaltarsection converts the electronic energy in the
torsional coordinate to vibrational energy in th&€8s bond length coordinate leading to
bond dissociation (step 5).

In this chapter we investigate fragmentation yields in the family of metimg
hydroxys ub st i t ut ed al ky43 6p areknt yhidy | kaect eot noepsh-e8 i2odn e
,  a rhydroxdy@cetophenone. We aim to understand the dissociation dynamics based off
the mass spectra that are recorded as a function of strong field excitation wavelength
ranging from 1200 nrit 1500 nm. Electronic structure calculations are performed on the
molecules to determine the nuclear configurations corresponding to the energy minima of
the neutral molecules and radical cations, as well as to map out the cgteamd state
potential energy surfaces along the pheogdtyl torsional coordinate. In the case of
substituted. methylacetophenones, the results are rationalized in terms of the energies and
phenytacetyl dihedral angles in the respective optimized gaweseif the radical cations.

In the case of substituted hydroxyacetophenone, the experimental results are explained in

terms of rotational barriers on the ground ionic potential energy surfaces
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4.3 Experimental
4.3.1 Sample preparation

The substituteda | k y | pheny-dne tkheytloanceest,o p B é&none
met hyl acet ophemeotnhey | @2 @ %) p h ehydroryacetopr@erdoe) ,
(99%)-hyd3@xyacet op he n ehygdeoxyatce®ophempne (94%)dwered O
obtained from Sigma Aldrich and were not puriffedther. All of the methyl substituted
acet ophenone -hydsopyatetopeenoaenwkre Rqdids with an appreciable
vapor pressure and did not need to be heated. Approximately 1 milliliter of an individual
samples was transferred to a glass vial Wes fitted to a leak valve on the time of flight
mass spectrometer. Prior to sample introduction into the chamber the sample would be
frozen using liquid nitrogen with the leak valve closed and the leak valve would
subsequently be opened for ~10 secood®imove air or unwanted gas molecules from
the sample holder without allowing the sample to enter the chamber. Changing of the
molecular sample was performed by removal of the sample and cleaning the sample holder
identical to the procedure outlined ih@a pt er -3a n dihydeixys&diophenone
samples were solids at room temperature with negligible vapor pressures at room
temperature. The freeze thaw process was not used on these samples but in order to obtain
an appreciable vapor pressure within tdheamber to perform the experiments, the glass
sample vial was wrapped in heat tape and heated t€ ~3bis possible a small amount
of sample that was initially heated could condense within the leak valve apparatus therefore
when changing the samplesd#&tnal heating tape was used to heat a larger portion of the

vacuum chamber to ensure complete removal of the previous sample.
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4.3.2 Strong field ionization of organic samples

The output of the previously described optical parametric amplifier inteha@p
was used to ionize the gas phase samples. Briefly, a Ti:Sapphire amplifier producing 1 mJ,
50 fs pulses was used to pump the collinear optical parametric amplifier (OPA) which
generates an ultrashort signal pulse that is readily tunable betweesvedengths of 1150
nm - 1550 nm with pulse durations from 50-f410 fs. The signal beam is expanded to
four times the original beam size using a combination of spherical mirrors and fills the
numerical aperture of a plamonvex lens,f=20 cm, which dbws for intensities
approaching ~1¢ W cm? to be reached in the focal region of the time of flight mass
spectrometer. Attenuation of the beam was performed using a circular variable neutral
density filter. Intensity calibration is performed for eaddelgpower by the simultaneous
ionization of xenon.

4.3.3 Pulse characterization

Pulse durations for the following experiments were measured by frequency
resolved optical gating. A flip mirror in the path of the signal beam was inserted to easily
direct tre beam into the FROG for a quick characterization without disrupting the
experimental setup.

4.3.4 Mass spectrometer operating conditions

Mass spectra were measured using a linear 1 metepfiftight system operating
in positive ion mode as described in chapter 2. A 500 [Im slit was placed between the
ionization and detection regions to restrict intensity averaging over the focal volume. A
digital oscilloscope (LeCroy LT372) averaged 5000 spectra to produce the raw data. The

sample of interest was leaked into the vacuum chamber by a variable leak valve to attain a
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sample pressure of 3.5 x“40orr. A second leak valve was used to mainthaxenon
pressure in the vacuum chamber at 7.5XI0rr. The laser intensity at each wavelength
was internally calibrated for each measurement by the xenon ion intensity. Téignas
were fit to ADK calculations for tunnel ionization of a rare gasmato determine the
absolute laser intensif§.The background vacuum pressure in the chamber was 1.8 x 10
Torr.
4.3.5 Signal processing

The averaged mass spectra captured orosb#loscope were sent to a Labview
program which plotted the signal intensity as a function of flight time. A background
subtraction was performed for the averaged spectrum by subtracting the noise signal from
the entire mass spectrum. The raw masstspéle was processed in a Matlab script which
identified the major peaks in the spectra, integrated over them to obtain numerical ion

yields, and converted the time axis to a mass axis as described in chapter 2.

4.3.6 Supporting calculations
Electronic structure calculations for methyl substituted acetophenones were
performed using the Gaussian09 program packldpy Maryam TarazkarElectronic
structure calculations for hydroxy substituted acetophenone using density functional theory
(DFT) were performed using the Gaussian09 program patKagkristen Munkerup and
the same level of theory was employed to calculate the ground state potential energy
surfacesn f  t-h e,3 @adrhydroXdy@cetophenone radical cations as a function of the

angle of the phenyacetyl torsional coordinate.

105



4.4 Results and discussion
441 Strong Fi el dnethylacetophemdné vaith 79@ rim al2do
infrared wavelengths

In order to determine if different ionization regimes are being accessed at different
wavelengths it is important to meaantdyr e t he
the amount of fragmentation that is observed. The upper panel of figure 4.2 shows the mass
s p e c t rneethytatetoghénone ionized with 790 nm (top, red) and 1240 nm (bottom,
blue) at a laser intensity of 5 x 0V cm?, with associated Keldysh ganeters as
indicated. The mass spectrum at 790 nm shows a higher yield of small fragment ions (m/z
< 91), with the benzoyl ion (m/z 119) as the dominant peak. In contrast, at 1240 nm, the
dominant peak is the parent ion (m/z 134) and a significantly eedyield of small
fragments is observed. These results can be understood by considering the respective
ionization mechanisms at both wavelengths. The Keldysh parameter at 800 nm is 1.14,
indicating a higher contribution from multiphoton ionization as caeghdo 1240 nm,
where the lower Keldysh parameter of 0.73 results in a higher contribution from tunnel
ionization. Recently, nonresonant strong field excitation at 800 nm of rsihgtituted
acetophenone molecules has revealed fragmentation patternactehatic of a
multiphoton ionization mechanisfh It should be noted that this study used laser
intensities of ~18 W cni?, corresponding to a Keldysh value of 0.88, which should lead
to more tunnel ionization however a high degrefeagfmentation was observed. Therefore
to better understand the ionization process the ion yields at different wavelengths should

be measured as a function of laser intensity. Figure 4.2(b) displays the fractional yield of
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Figure 4.2: (a) Mass specth2-methylacetophenone.at a laser intensity is 5'% 10

W cmi?. (b) The yield of small fragments ions, n¥21, as a function of laser intensity

and excitation wavelength.
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smal | mass fragments (m/z O 91) as a funct,]
2 -tnethylacetophenone. At all infrared wavelengths, the yield of small mass fragments is
much less than at 790 nm. The low degree of fragmentation and the codiagpon
abundance of the parent ion suggest that the ground ionic state is formed upon ionization
at these wavelengths. The fractional yield of the small mass fragments is similar in
magnitude and is wavelength independent for all three isomers.

4.4.2 Raw mas spectra and intensity dependence of hydroxy alkyl phenyl ketones

upon adiabatic ionization
Figure 4.3 shows -t H3eba mgidsodydcetppbendne uwpono f 2 0

ionization with 65 fs pulses at 1200 nm-(a) and 1370 nm (d(f) at an intensityf 5.5 x
10 W cnt2. At 1200 nm, the parent molecular ion is the major peak in the mass spectrum
and little fragmentation is observed, suggesting that tunnel ionization is the dominant
mechanism. lonizing these molecules with 790 nm was found to prodyggécantly
higher yields of small mass fragments below m/z = 93, consistent with multiphoton
ionization excitation to high lying electronic states that leads to multiple dissociation
channels in acetophenone and the substituted methyl acetophenaneendid(a). At
1370 nm excitation, the parent molecular ion is still the major peak in the mass spectra of
2 0a n d-hyBra@xyacetophenone. In contrast, the benzoyl ion is the largest peak in the
mas s s p e chydraxyacetophenohe excited with 137, while the parent ion
yi el d 1is r educ e dhydroxydcetophereeaisy dorsistentowith tiad of
acetophenone and its methyl derivatife€$, where the benzoyl formation is attributed to
a onephoton excitation from the groun@tmnic state Pto the second cationic excited

stateD. The | ack of a resonananti-ed8bure at any
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Each plot is normalized to the benzoyl ion at 1370 nm. The vertical dashed line shows the
position of the ionic resonance centered at 1370 nm. The laser intensityst@ms was 5
x 108 W cni?. The error bars in (a) are shown for the parent and benzoyl ion yield at 1240

nm and are consistent with the error for other data points throughout figure.
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hydroxyacetophenone hints at a different physical mechanism. Hoydatbxy isomers,
the mass spectral patterns do not change significantly as a function of laser intensity at a
given excitation wavelength. The yields of the parent and benzoyl ion increase linearly
with intensity throughout the excitation wavelengths, hsosvnn i n f i g-ur e 4.
hydroxyacetophgednongaantiogbenone using exci
hydroxyacetophenone isomer exhibited similar behavior.

4.4.3 Mass spectral response of methylacetophenone isomers in the adiabatic
To help ducidate the effects of substitruet?c;rr??)n the fragmentation response of polyatomic
molecules in the adiabatic regime, the mass spectra of the three methyl isomers are
recorded as a function of ionizing wavelength. The yields of the benzoyl and parent ions
(normalized to the maximum observed benzoyl ion yield) as a function of excitation
wavel engt h ar¥ e-3mlaomethgbdetophenone thdigure 4.5 at a laser
intensity of ~5 x 18 W cni?. The ion yields are not sensitive to the excitation weawgth
for wavelengths shorter than 1300 nm, with the parent molecular ion dominating the mass
spectrum. At wavelengths longer than 1300 nm, the benzoyl ion yield increases and the
parent ion yield decreases until the maximum benzoyl and minimum parelids are
observed at ~1370 nm. As the excitation wavelength is increased further, the benzoyl and
parent ions return to a yield similar to that measured at wavelengths shorter than 1300 nm.
Based on prior measurements and calculations of the molecu¢splaenone and
propiophenonée®®, the frequency dependent fragmentation suggdst presence of a
resonance between the ground cationic state and a dissociative cationic state leading to

selective formation of the benzoyl fragment ion. The resonance in acetophenone and

propiophenone was also centered at 1370 nm, suggesting thgt sudistitution on the
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phenyl ring does not affect the energy spacing of thelyavg cationic states. Another
interesting feature to highlight in figure 4.5 is the change in amplitude of the parent ion
with respect to the benzoyl ion as the methyl group ofmpgsition on the phenyl ring.
At 1370 nm the ratio among benzoyl and parent ion increases from a factor of 2, to a factor
of 3, and f i nal-l y3 éa nfetthgléaiophermifie, réspettivety. Theé
width of the features is approximatdlye same indicating similar dynamics for all three
isomers.
4.4.4 Mass spectral response of hydroxyacetophenone isomers in the
adiabatic regime

The normalized yields of the parent and benzoyl ions upon excitation with strong
field pulses centered betwe2B0OOnmi 1 500 nm are plotted)in fi.
30and {hydjoxyatdtophenone at a laser intensity of ~5.5%W0cm? and pulse
duration of 65 fs. The yields of the fragment ions at m/z = 15 (methyl), 43 (acetyl), and 94
(hydroxyphenyl) amu do not change with excitation wavlength as shown in figure 4.7 and
their integrated ion intensity contributes less than 5% of the overall ion yield for all isomers.
The lack of a dependence on excitation wavelength for the lower s ioonsistent
with previous experiments on acetopherfén€he ion yields of the parent and benzoyl
i o ns -d& mdhy@dkyacetophenone are insenstive to the exaitatevelength across
the entire tuning range, with the parent molecular ion accounting for >80% of the total ion
yield, approximately ten times greater than the benzoyl ion yield. Figure 4.7(c) reveals
t hat t he parent a n d -hybrexyaetoppdnonei have a ysimiat d s o)
wavelength depenedence in comparison to the mass spectral response of acetophenone and

remain unaffected at excitation wavelengths. At short wavelengths < 1320 nm, the parent
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ion yield is twice as large as the benzoyl ion yield. As the wavelength is tuned further red,
the parent ion yield decreases and benzoyl ion yiled increases reaching a maximum at 1370
nm. At the longest wavelengths the parent anmtzbg signals return to similar yeilds as
compared to their yields at the shortere wavelengths. The similarity of the fragmentation
yield ver sus e X ¢ i t dydioxyacetophenone las rcanpdred foo r
acetophenone suggests that the photodissatiatechanism may be similar.
4.4.5 Analysis of the strong field ionization of methyl substituted
acetophenone
4.4.5.1 Dissociation mechanism applied to methyl substituted acetophenone

Due to the similarities between the acetophenone radical cation massalspe
responst and the mass spectral responses in figure 4.2 of the methyl substituted
acetophenone radical cations, we can attempt to apply the dissociation mechahism of t
acetophenone radical catidnto explain the photodissociation of methyl substituted
acetophenone molecules. The parent ion results from figure 4sh@eamposed on one
another and plotted as a function of ionizing wavelength in figure 4.8. Figure 4.8 clearly
demonstrates that the depletion of the parent molecular ion at 1370 nm is more pronounced
as the methyl group position changes frammo to metato para with respect to the acetyl
group. This result can be rationalized by taking into account the torsional dynamics of the
radical cation following ionization. As illustrated in figure 4.1, the radical cation is formed
at the neutral geometry with zero degree dihedral angle between the phenyl and acetyl
groups. At this angle the oscillator strength for the transition coupling from the ground to
the low lying excited states is identically zero due to symmetry restri¢fiohnsthe case
of acetophenone, the minimum energy on theface is reached at a dihedral angle of
44 degrees, so the initial ionization event results in the launching of a wavepacket along

the torsionatoordinate towards the energy minimfinAs the acetyl group rotates out of
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plane, the oscillator strength between the ground stgdedthe excited statexDecomes
nonzeo, which allows D to be populated via ofghoton transition. This excitation occurs
on the trailing edge of the excitation pulse at the optimal geometry. Excitation te the D
state ultimately results in passage through a conical intersection, leademeton of the
parent ion and enhanced formation of benzoyl protfjas illustrated in figure 4.1. A
time-resolved wavepacket dynamics calculation reveals that the torsionad psri
approximately 650 fs and the optimal radical cation geometry of 44 degrees is reached in
~200 f¢°. This timescat allows a photon from the lower intensity trailing edge of the
pulse to excite the wavepacket entering the bright region. The trend in parent ion depletion
as a function of methyl substitution position is explained in terms of the calculated neutral
and optimized geometries and energies of the ground state radical cations, which are
presented in table 4.1.

The reduced par emethylacetopherbregdn bd aitributed foits 2 6
radical cation having two ground state geometries correspondamgitgy minima, labeled
(a) and (b) in table 4.1. The calculations reveal two stable radical cation geometries where
(a), a local minimum, has a torsional angle of 7 degrees and (b), the global minimum, has
a torsional angle of 63 degrees as shown in figl@eFor comparison, the neutral geometry
is shown in figures 4.9(c). Figure 4.9(a) shows that the locally optimal geometry (a) arises
from a favorable interaction between a hydrogen atom frororthe methyl group® and
the carbonyl oxygen, as indicated by the dotted blue line. This interaction arises in
geometry (a), where the distanceviieen the methyl hydrogen and carbonyl oxygen is
only 2.1 A, while the longer distances in (b) and (c) suggest that the strength of the

interaction is negligi bl emethylacetophermrethg e o met r
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Table 4.1

20 20 30 490
methyl- methyl- methyl- methyl-
acetophenone acetophenone acetophenone acetophenone

(a) (b)
IPexp(eV) 9.15 9.15 9.14 9.12
IPcaic(eV) 8.88 8.88 8.91 8.91
Eneutopt (€V) 0.15 0.19 0.24 0.25
Phenylacetyl 7 63 35 43
dihedral angle (°)
Bond 0.78 0.94 0.83
dissociation energy
(eV)
Oscillator 0.0009
Strength 0.0388 ).0247 0.0357

Energy and geometry values of timethylacetophenone isomers. Energies and angles of

t he radica,l -&dadnmethiiasetophenoriz:Gexperimental vertical ionization
potentials (IR«) 34 calculated values of vertical ionization potentials4{ the energy
difference between the neutral geometry and the optimized geometry aatitweic
ground state surface {&:opt),the dihedral angle in the optimized radical cations, the M
CHs bond dissociation energi@sand the calculated oscillator strengths for theDR

t r a n s irmethybacetoph2ribne hawo minima on the cationic surface suggesting an
energy barrier towards rotation of the acetyl group. The calculations were performed by

Maryam Tarazkar.
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Figure 4.9 : Cal c wurethytacetbphegomne peedrmed &ys
Maryam Tarazkar. Distece between the methyl hydrogen and carbonyl oxygen indicated
by the blue dotted lines. (a) Local minimum in the radical cation with an interaction
between methyl hydrogen and carbonyl oxygen. (b) Global minimum of the radical cation.

(c) Neutral geometry.
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presence of two stable geometries indicates the existence of a barrier to rotation between
the phenyl and acetyl groups, which inhibits motion along the torsional coordinate. This
results in the slowing of the wavepacket motion along the torsgmmatiinate following
ionization which suppresses excitation to thestate because the molecule is less likely to
reach the geometry with a large transition dipole moment that promotes tiphaoe
excitation within the duration of the excitation pul&ower motion of the torsional
wavepackmdat hiyn az&t ophenone as compared to
expected based on the difference between the energy of the vertical geometry and
theoptimized geometry of the radical catiomdkop). Theaddition of a methyl group
should not change the shape of potential energy surface greatly so the ionic surfaces can
be assumed to be similar to the ionic surfaces of acetophenone, we therefore expect the
wavepacket motion to behave similarly neleopt increases as the position of the methyl
changes fromortho to metato para. The larger values of lgtopt f 0 r- add- 46
methylacetophenone are similar to that of acetophéhoseggesting that the torsional
wavepacket in these isomers gains kinetic energy more quicklpttiarisomer, allowing

these molecules to access the bright geometry earlier within the excitation pulse duration.
In contrast, the energy difference between thtical ionization and optimized geometry

e ner gi-mehylacetoplzdone is about 0.1 eV smaller which makes the wavepacket
traverse more slowly in the torsional coordinate so that it is less likely to reach the bright

geometry within the duration oféhexcitation plse.
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Figure 4.10. A schematic of the torsional motion around the phenyl acetyl bond in
acetophenone. The reduced moment interia I

the phenyl and acetyl group.
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4.4.5.2 Resonance strengttorrelated to oscillator strength and moment of
inertia

The amount of benzoyl production and parent depletion is also expected to depend
on the oscillator strengths betweendhd . The oscillator strengths at the optimized
geometries increase as thetiyl substitution changes froantho(7 degreesjo metato
para The | ar ger o s -inldimathyacetophenone suggests a stronger 3 6
coupling between pPand D, resulting in more parent ion depletion and contributing to the
deeperlindsapes in figure 4. 8. Finally, t-he enh
met hyl acet op h e n o-methylacetophenangcarn be dxpldined irBtérms of
its smaller moment of inertia, allowing the torsional wavepacket motion to proceed more
quickly towards the critical geometry. Figure 4.10 gives a schematic of the torsional
motion of the acetophenone molecule and the calculation of the reduced moment of interia.
In all three isomers, the axis of rotation is along the C(phd&d{ggetyl) bond (dshed
' i ne) . Thus, when the met hyl group i s in
significantly larger because the methyl group is not on the rotational axis. The larger
moment of inertia for the 206 adiwhdthei somer
met hyl group is in the 406 position. Not e
nearly t he s ame as t hat for acetophenone
methylacetophenone explains why its spectral response is practicalligadi¢mtthat of
acetophenone when using a 60 fs ptllse | n contrast, t hhe sl o\
methylacetophenone decreases the portion of the wavepacket accessing thrediagh

within the duration of the pulse, resulting in less depletion of the parent molecular ion
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4.4.6 Analysis of the strong field ionization of hydroxy substituted
acetophenone
4. 4.6.1 Effect of pulse dur-amdoddéon mas:
hydroxyacetophenone
In order todetermine the dependence of the parent and benzoyl ion yields on the
duration of the excitation pulse, the wavelength resolved mass spectra were measured for
2 0a n d-hydr@xyacetophenone using a pulse duration of 110 fs with a peak intensity of
5.5 x 163W cm The linear dependence of the ion yields on laser intensity (c.f., figure
4.4) at a fixed pulse duration indicates that the difference in pulse energy between the 110
fs and 65 fs pulses should not have a significant effect. The mass speptratessfor the
two molecules with 110 fs and 65 fs pulses are shown in figures 4.11(a) and (b),
respectively. The par ehydroxymcetwphénenear@y!| i on vy
independent of excitation wavelength for longer pulse duration. In the casé of 4
hydroxyacetophenone, the parent depletion at an excitation wavelength of 1370 nm is
approximately 4 times as strong for 110 fs pulses in comparison with 65 fs pulses. The
increased fragmentation yield with longer pulse duration is in agreement witloysevi
measurements reported for acetophefione
4.4.6.2 Dissociation mechanism for acetophenone and its derivatives:
revisited
The mechanism of parent ion depletion daryephoton absorption upon
1370 nm excitation in the acetophenone radical cation was interpreted using quantum
chemical calculations performed at the MCSCH®®Z level of theor§®. The current
understanding of the mechanism for dissociation in acetophenone and its derivatives is

summarized in the diagram shown in figure 4.12. Tunnel ionization (step 1) creates the
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parent moleculaion in the neutral geometry (structure A) and launches a torsional
wavepacket on the ground stateddthe parent molecular ion (step 2), as indicated by the
curved arrow around the phergtetyl bond in structure A. At the energy minimum, the
molecule ha the geometry of structure B and the oscillator strength coupting the
surface is nonzero (0.046 in acetophenone), allowing the system to undergphretore
resonant transition to thesBurface (step 3). The wavepacket proceeds downzberiace
towards a conical intersection (step 4), which converts electronic energy to vibrational
energy leading to dissociation alotigg GCHz bond coordinate (step 5), to form structure

C.

Figures 4.2 and 4.6 reveal that the benzoyl fragment is the @irdigsociation
product for all hydroxy acetophenone isomers. In agreement with previous measurements
for acetophenort4 t he di ssoci at i-hydroxyadeghehoneherctice a s e s
pump wavelength is 1370 nm, indicating a potential resonance. This resonance is
confirmed in the plot of the dissociation yield as a function of pump wavelength in Figure
4.6(c). Figure 4.4 reveals that the yield of both the parent and benzgwieina ions
increase linearly with peak intensity at 1260 nm, which is consistent with operating beyond
the saturation intensit§, The linear dependence of the ratio of these ibns - 4 0
hydroxyacetophenone upon excitation in the adiabatic regime is consistent with
measurements on acetopherfSmad supportsie mechanism shown in figure 4.12. We
have previously proposed that the time allowed for rotation about the pteebygnyl
torsional bond correlates to the amount of dissociation obséridulis, the dissociation
yield should be proportional to the duration of the laser pulse as seen in the pulse duration

d e p e nd e fyamxyacdtopherone in figure 4.11 . In this scenariopéad of the
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laser pulse will tunnel ionize the molecule, inducing the wavepacket to propagate along the
torsional coordinate toward thebright region on thesOrface. The latter portion of the
pulse excites the system from the €urface to the Psurfae, leading to subsequent
dissociation. In this mechanism, longer duration excitation pulses containing the resonant
wavelengths provide the wavepacket with more time to access the bright region and
enhance dissociation.

The effect of the position of hydkg substitution on the photodissociation of
acetophenones is investigated here to further test the effect of torsional motion on the
dissociation yield during near infrared, strong field excitation. Figure 4.6 reveals that the
mass s pectr alydroxyacetppbhemane is sinfilar # acetopheffométh an
apparent dissociative resonance at 1370 nm producing the bdrempylent ion. The
presence of the dissociative resonance suggests a mechanism similar to that shown in figure
4.12 proposed for acetophenéhand its methylksubstituted derivative®. The lack of a
feature in the masan dhy@dyaacetaghenone aspa tumctsoesd o f
excitation wavelength shown in figure 4.6 suggest that these isomers do not undergo the
mechanism showmifigure 12.

4. 6.3 Calculated geometries and gro-und i on
39 a nhgdrogyéacetophenone

I n order to explain t he | acknndf 30bse
hydroxyacetophenone isomers, the neutral and optima#idal cation geometries of the
hydroxyacetophenone isomers were calculated at the B3LYRU/6+G(d,p) level of
theory, along with their radical cation ground state energies, as a function of the- phenyl

acetyl dihedral angle.The calculations were perfarimg Maryam Tarazkar and Kristen
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Table 4.2

20 30 40 acetophe
hydroxy- hydroxy- hydroxy- none
acetophenone acetophenone acetophenone
IPexp(eV) N/A 8.67 8.70 9.28
IPcaic (V) 8.59 8.74 8.72 9.32
Eneutopt 0.22 0.22 0.26 0.31
(eV)
D(OH)neut 0.047 0.010 0.007 N/A
opt (A)
phenyl- 0 5 35 44
acetyl dihedral
angle (°)
reduced 128.65 127.07 112.42 111.46
moment of inertia
(a.u.)

Energy and geometry values of the hydroxyacetophenone isdemngies, angles, and
bond | engt hs of ¢t h-e8 orddyidgyacétopleronel expersmerdal 2 6
vertical ionization potentialgIPexy)® °¢ °7, calculated values of vertical ionization
potentiat (IP.a), the energy difference (Etop) and change in M bond length
(D(OH)neutopy) between the neutral vertical geometry and the optimized geometry on the
cationic ground state surface, the dihedral angle in the optimized radical cations, and the
reduced moments of inertia in atomic units. The calculations for acetophenone were
performed at EOMP-CCSD/6311+G(d) level of theory by Maryam Tarazkar and Kristen

Munkerup?®
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Figure 4.13. The ground ionic potential energy surfaces as a function of {alcetyl
di hedr al - a-Bgh eydfodydcet@Benone,-@, respectively. The respective
optimized geometries for each molecule are included with the black arrotingdbward

the optimized phenyhcetyl dihedral angle. The surfaces were calculated &3h¥P/6-

311++G(d,p) level of theory by Kristen Munkerup.
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Munkerup. Table 4.2 summarizes the geometry optimization results, showing the
experimental and calculateonization potentials, the difference in vertical and optimized
energy, the difference in-8 bond length for vertical and optimized geometries, adiabatic
torsional angles, and reduced moments of inertia. For reference, the values for
unsubstituted acephenone are shown as well. The significant change in length of-the O

H bond between the neut r-laytroxgacetbphenprte df04Z e d g ¢
Angstrom shown in table 4.2 suggests that increased hydrogen bonding between the
hydroxy hydrogen ah carbonyl oxygen at the optimized geometry restricts the phenyl
acetyl dihedral angle to O degreégyure 4.13 shows the calculated cationic ground state
potential energy surfaces as a function of torsional angle and optimized cationic geometries
ofeach s o mer . Fi gur e -hyiroxgacetophermnesa large laatrier of 7002 6
meV due to the hydrogen bonding interaction prevents torsional motion along the-phenyl
acetyl dihedral angle coordinate. This barrier limits access to geometries whegegtdhe D

D2 transition dipole is allowed. In principal, adiabatic tunnel ionization imparts little excess
energy to the molecular ion and limits the internal energy available for the wavepacket to
overcome energy barriers on the surfadeus, the combinatioof tunnel ionization and a

large potential energy barrier to access a bright geometry explains why no enhanced
di ssociation to t he-hymexyacetgphenoneo Rurthessuppditefe r v e
intramolecular hydrogen bonding in radical cations wads s e r v -endthoxyra n21-0 2 6
flouro- phenol with mass analyzed threshold ionization spectrd&of@ihe orthe group
positioning of the substituent group produced a more rigid cation geometry as abitopare

the neutral excited state geometry as determined by the larger frequencies gifltéme in

ring modes for the ion as compared to the neutral which corresponds to intramolecular
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hydrogen bondingl n t h e -bydrexgacetphen8né, calculations r@vihat the

geometry optimizatiobeginning from coordinates of the neutral geometry converges to

the | ocal mini mum at a 5e di hedral angl e i
figure 4.13(b). We propose that the lack of enhanced dissociati@@@nin indicates that

the transition to the dissociative excited state is not accessed. The barrier to rotation is 120
meV after vert ihcyadr oexxyaictea toipdire noine 36 As wi t
rotational barrier is evidently higher than any essceibrational energy imparted during

tunnel ionization.

The similarities in the =excitati-on wayv
hydroxyacetophenone and acetophenone are presumably due to similar potential energy
surface®’, which allow the dissociation process shown in figure 4.12 to take [Batle.
molecules exhibit no barrier to torsional motion when starting from the neutral geometry
with a zero degree di hedr al-hydroxypdetophendhne e gl ¢
surface at 35 degrees is not far from the global minimum of the acetoplsemtaoe at 44
degrees.The onephoton transition between the cationic ground and excited states is
symmetry forbidden at a O degree dihedral angle in acetophenone and increases to 0.046 at
44degreS. The di ssoci at ihyexyacetapemaencl870 hnmsughésts
that the oscillator strength as a function of dihedral angle is similar to that of acetophenone.

The existene o f a rotational barrier i n- 30 hy
hydroxyacetophenone, can be explained based on electron delocalization in the respective
molecular ions. In order to visualize the electron charge distributions, the electron density

was céculated at the B3LYRB:311++G(d,p)evel of theory and the electrostatic potential

was mapped onto the resulting electron density surface. The electron density and
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electrostatic potential calculations were performed by Maryam Tarazkar. The electrostatic
potential at a given point in space reflects the potential energy of a positive test charge at
that location, a negative value denotésgh electron density (i.e., the positive test charge
experiences an attractive potential) and a positive value ddaatetectron density (i.e.,

the test charge is repelléd) Figures 4.14(a) and (b) show the mapped electrostatic
potentials for the neota |l s, i ons, and di f feraenmdce406 bet
hydroxyacetophenone, respectively, with positive electrostatic potential (blue) denoting
electron deficient regions and negative electrostatic potential (red) denoting electron rich
regions. The diffeence in electrostatic potentials between the neutrals and ions indicates
greater electron deficiency on the phenyl ring for both isomers, indicating that ionization
removes the electron from the phenyl ring. The subsequent electron delocalization is shown

by the resonance struct u-aa s-hydréyatetoghenores 4. 1.
respectivel y. The |l ocal energy mi nt mum a
hydroxyacetophone appears to arise from electron donation by hydroxy group through the
electrondeficient phenyl ring to the acetyl group in figure 4.14(c). This electron
delocalization into the acetyl group inhibits rotation away from the planar geometry. In
contrast, the anal ohydraxywmcetophenone ia figare 4.14@)r ms o f
not result in electron delocalization through the acetyl group, so no rotational barrier is
expected to ari se. The -hgdiokyacetopbethoneatalsngec i at i
pulse duration is consistent with previous results for acetophthd®esults of time

resolved pumyprobeindicate that the period of torsional motion is approximately 650 fs,

and associated classical wavepacket trajectory calculztibased on the ground state

potential energy surface and moment of inertia indicate that the optimal cation torsional
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Figure 4.14: False color map of charge distributions ((a), (b)) esmhance forms ((c),

(d)) contributing to -hyher oxyacatl ogads omes a
hydroxyacetophenone. Electrostatic potentials (Hartree) for the neutral, ion (upon vertical
ionization) and difference between them are mamwed 0.005 éohr electron density

surface. The numbers on the left hand side of the scale bar correspond to the electrostatic
potentials of the neutral and ion, while the numbers on the right hand side of the scale bar

correspond to the difference. Tbalculations were performed by Maraym Tarazkar.
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angle of 44 degr ees | shydrogyacetdpledoneawavepacket~ 2 2 0

trajectory calculatior’$ using the potential energy surface in figure 4.14(c) and the moment

of inertia in table 1 suggest that the optimal dihedral angle of 35 degrees is reached in ~255
fs. The similar timescale required to reach the optichib®ic geometry following tunnel
ionization 1 n -hyexyacgopremoenegplaiasithdir adhadogous mass
spectral responses to changes in pulse duration. Decreasing the pulse duration from 110 fs
to 65 fs diminishes yield of the benzoyl fragmdy a factor of ~3 at an excitation
wavel engt h o-hydrbx§acddophenorie pwhich4sccomparable to the factor of
~4 decrease observed for acetopheffores discussed above, the longer pulse duration is
expected to more efficiently couple thedhd D surfaces since the latter part of the pulse

has more temporal overlap with the wavepacket approaching the bright region an the D
surface after ~200 fs. Although the 65 fs pulse does overlap with the wavepacket in the
bright region, the shorter temporaleslap results in less of the wavepacket reaching the
bright region coupling the and D surfaces.

4.5 Conclusions
The wavelength dependent mass spectral response of methyl substituted

acetophenone derivativewas found to be similar to that of acetenone and
propiophenone, indicating the presence of a resonance betweejldbadh state and the
dissociative Dstate of the radical cation. The similarity of the resonance position indicates
that methyl substitution does not significantly alter ¢éinergies of the lovying cationic

states. The depletion of the parent molecular ion upon resonant excitation as a function of
the position of the methyl substitution on the phenyl ring increasesdrthrato metato

para. Calculations of the dihedral aleg and ground state energies of the neutral and
optimized geometries for each isomer reveal the presence of a favorable interaction
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between the methyl hydrogen and carbonyl oxygen iott®isomer that limits torsional

motion which hinders access taethright geometry. In addition, theetaisomer has a

larger moment of inertia in comparison with fheraisomer, slowing the torsional motion

to the bright geometry. In the case of substituted hydroxy acetophenones, the dynamic
resonance at 1370 nmwas by 0 b s ehydraxyhcetophenagh® within our tuning
range. Further more, the fragmentat4d on yi
hydroxyacetophenone revealed that a longer pulse interacts with the wavepacketgn the D
surface for more time thamshorter pulse, thus providing a route to control the amount of

the benzoyl ion yield. The lack of wavelengtire penden't di-sasnodec i 3G i on
hydroxyacetophenone is attributed to large barriers to rotation about the torsional mode on
the ground stat potential energy surfaces, which prevents access to the bright geometry.
The measurements on the hydroxyacetophenone isomers were supported by the calculated
ground ionic potential energy surfaces. These results build on the preparation of an
electronially cold launch state via tunnel ionization as a tool for examining the electronic
properties of radical cations and demonstrate the potential for controlling radical cation

dissociation by adding substituent groups.
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CHAPTER 5
STRONG FIELD ADIABATIC IONIZATION PREPARES A
SELECTIVE LAUNCH STATE IN ACETOPHENONE AND ITS

DERIVATIVES FOR APPLIC ATIONS IN COHERENT CONTROL

5.1 Overview

Strong field adiabatic ionization followed by excitation to a dissociative state within
the duration of a single laser pulse can lead to preferred bond dissociation of the benzoyl
ion fragment in the radical catiorf acetophenone and its derivatives. In the proposed
mechanism, wavepacket motion along the pheawegtyl torsional coordinate enables a one
photon transition among the ground and second ionic stages)dD, respectively. In
the final chapter of thithesis, we apply ultrafast purgpobe spectroscopy techniques to
follow the launch state wavepacket dynamics in the acetophenone radical cation and
various derivatives. We demonstrate the production of a selective launch state in the ground
electronic stat of the acetophenone radical cation via adiabatic ionization in the near
infrared (1150 to 1500 nm) and subsequent excitation by a 790 nm weak probe pulse. The
time-resolved ion transients reveal wavepacket dynamics with a significant enhancement
of the peakto-peak amplitude oscillations and longer coherence time as compared to
nonadiabatic ionization with a strong field 790 nm pump pulse. Classical wavepacket
trajectory calculations support the mechanism wherein a wavepacket on the ground surface
Do is excited to the second ionic surface By the probe pulse at a delay of 325 fs.
Subsequent motion on the; Burface results in passage through a three state conical
intersection seam, leading to depletion of the parent ion and formation of the benzoyl ion.

A special case is observed wherein direct population transfer tote&t@ within the
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duration of a 1370 nm pump pulse eliminates the wavepacket on #tat®, resulting in
the transient yields resembling those from nonadiabatic excitation at 790Arpnobe
intensity study at a fixed pump wavelength of 1270 nm revealed secondary dynamics in
the benzoyl transient signal. The experimental evidence suggests that two wavepackets can
be launched on the oDand D/D: surfaces during the ionization eventigher order
excitation by a more intense probe pulse can transfer population from/iestates to
higher lying states, &5 which lead to the formation of the phenyl and smaller mass
fragments. Additionally the ground state wavepacket dynamiteafdetophenone radical
are controlled by changing tipara- substitutient group on the phenyl ring. A unigue case
i s o0bser v-aituordmethyl acetophenbrie case wherein extended coherence of
the parent transient results from the constructiterierence of two different torsional
modes.
5.2 Introduction

While strong field ionization has revealed many novel phenomena including high
harmonic generatidif and nonadiabatic multielectron excitaffdnthe prearation of a
well-defined initial state with respect to nuclear modes in polyatomic molecules is
problematic due to competing dissociation processes. In thectassical picture of
strongfield ionizatior? the interplay of the laser period and the electronic period controls
the degree of energy transfeom the field to the outgoing electron. The same interplay
should control the degree of excitation of the internal electronic degrees of freedom of the
resulting ion, determining the extent of energy transfer from the electronic coordinates to

the nucleacoordinate§ In the atomic model, the ionization mechanism is determined by

the Keldysh adiabaticity parameter 2, wh €
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implies multiphoton ionizatioh The Keldysh notation is frequently extended to molecular
ionizatior?*! however the ionization process in polyatomic molecules has been shown to
deviate from the atomic ionization mod&f¥’. In polyatomic molecules, we propose that
limited energy transfer in the adiabatic tunneling regime prepares predominantly ground
state molecular ion, whereas the nonadiabatic multiphoton regime transfers energy into
excited electronic states of the ion that can couple to the nuclear degrees of freedom

The production of multiple initial states confounds quantum control experiments
commonly performed with 800 nm excitation presumably because multiple dissociation
channels are accessible. Selectively breaking the bonds of polyatomic molecules in the
strong feld regime was first accomplished using closmap coherent control schemes
with 800 nm excitatiot*®. In this scheme, the spectral phase and/or amplitude of a strong
field, nonresonant laser pulse is optimized using a learning algorithm, with the goal of
maximizing the yield of the desired (fragment) ion product. This technique has been
employed to obtain control over bond dissociation in a variety of systems including
orgarometallicg®, dipeptide$’, alkyl ketone* 18, and halogenated alkad®®. Despite
the ability of strong field, closelbop schemes taontrol photoionization/dissociation
products, it is difficult to interpret the mechanism of action of the optimized pulse shape
on the target molecule due to a lack of prior knowledge about the system in the strong field
regime. Open loop schent&$¥?® have alsdbeen employed to reveal insight into the
physical mechanisms of strong field dissociation howetlegse methods can be
experimentally labor intensive and usually require identification of systematic #ends
across a set of molecules to refine the control objectives. Further complications in

understanding the strong field dynamics are encountered when using 800 nm pulses since
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the ionization mechanism tygilly populates multiple electronic states of the radical cation
through nonadiabatic ionizatibmnd typically limits the achievable dynamic range to a
factor of ~24 142425 Recently, prearation of multiple electronic states in the molecular
cation upon strong field ionization with 800 nm pulses has been explored in
hydrocarbon€?’ and halogenated metha”&® using photoelectron photoion coincidence
spectroscopy. Differences in the coincident photoelectron spectra of the padent an
daughter ions indicate direct ionization to multiple ionic states whereas similar
photoelectron spectra among the parent and daughter ion suggest indirect ionization to the
higher lying dissociative states. The energy @af,between the ground eleatio state

and excited electronic state in the radical cation played an important role in preparing the
molecular radical catiGA In general, direct ionization to higher lying cationic states was
observed ite Eh and suppressedaé Bh 3 New and robust control schemes are needed
to achieve maximum control over the dissociation products in the strong field regime and
to attain a detailed description of the underlying physical mechanisms behind strong field
phenomena.

Insight into strong field dissociation dynamics has been achieved thre time
resolved measurements on azobenZenacetophenorté *°, halomethanés 3%
halogentated keton¥s®?, and bromochloroalkan¥s Similar dissociation mechanisms
involving the torsional mode of azobenzé&hand acetophenotkie® were proposed by
performing strong field photoionization photofragmentation pump probe experiments.
lonization to the ground ionic state in both molecules initiated torsional motion. In the
azobenzene experiments, an intense N0 cni?) ultrashort (~50 fs) laser pulse was

used to prepare the cation followed by a weak field probe ulB&otoionizatiosinduced
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twisting of the azobenzene cation CNNC phenglg torsional mode resulted in
oscillations of the parent and phenyl fragment ion signals. Further excitation of the ground
state wavepacket to a higher lying state led to the bond dissociation and resulted in the
antiphae oscillatory behavior of the parent and fragment ions. Oscillations in the parent
and fragment ion signals of the halomethanes were attributed to fragmentation occurring
when the ground state ionic wavepacket encountered ghaien resonance with an
excited ionic dissociative state. However the amplitude modulation of the oscillations and
coherence in both experiments was limited due to the nonadiabatic nature of the pump
pulse. In the case of bromochloroalkafgthe control achieved via genetic algorithms was
attributed to ionic resonances in the radical cation as revealed kppolmmepump probe
experiments. Anitcorrelated behavior in the parent and fragment yield supported a
dissociation mechanism similan the halogenated methane experiments. However, the
preparation of multiple ionic states by the strong field 780 nm pulses limits the amount of
ground ionic state population that can be excited to a given dissociative surface and recent
coincidence measuments indicate direct ionization to higher lying states from multiple
orbital$®. In contrast to nonadiabatic ionization, adiabatic ionization with longer
wavelengths of polyatomic molecules is expected to prepare a ground state molecular ion
that can be used as a “'launch state" for coherent control imcthgf&tld regime coupled

to mass spectrometric detectfdnThis prediction has beeborne out in dissociation
measurements as a function of excitation wavelength in multiple molecular farfifies
Recent strong field experiments on acetophenone derivatives suggest that the mechanism
of energy transfer from electronic to nuclear modes involves propagation of the

impulsively-prepared torsional nuclear wavepacket on an excited electronic energy
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surfaceof the ion, which passes through a three state conical intersection. The resulting
excess vibrational energy initiates dissociatidn These experiments show that such
dissociative processes can be avoided bwalhyi exciting the electronic degrees of
freedom adiabatically, wherein no energy is transferred beyond that required for ionization.
Here we present a model that improves upon the multistate excitation problem in

strong field molecular ionizationbysec t i vel y preparing a°

3 singl e
To test our hypothesis thatialatic ionization selectively produces grotstdte ions and
extend the limits of strong field coherent control, we investigate the-réswved
fragmentation response of the acetophenone radical cation using strong field pump
wavelengths from 790 nm 1500 nm and a weakeld, 790 nm, timedelayed probe.
Acetophenone is an ideal polyatomic system since the multiple fragmentation products
allows the determination of the populated excited states and diatomics would not permit
such an experiment. The masagments therefore provide an experimental observable for
control of the excited state populattbriThe combination of strong field mass spectrometry
action spectrum in the infrared with infrared pumeak field probe experimentsn
acetophenone will generate both a clearer understanding of the molecular dynamics and
may facilitate quantum control experiments. Finally, we conclude this work with time

resolved experiments on varigoara-substituted acetophenone molecules in an attempt to

further control the initial launch state dynamics.
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5.3 Experimental
5.3.1 Sample Preparation
Acetophenone (¥99.7%) was obtained from Sigma Aldrich and not purified
further. Approximately 1 milliliter of the sample was transferred to a glass vial that was
fitted to a leak valve on the time of flight mass spectrometer. The sample is allowed to

enter the vacuurohamber as an effusive source. The freeze thaw process was performed

on the sample as discussed in earlier chapters to eliminate unwanted contaminants. The

para-substituted acetophenone molecules discussed in the last section of this chapter are

introduced in a similar way as the acetophenone molecule and enter the chamber as an

effusive source. The mol ecul es -obt ai

hydr oxyac et-m@hylacetapheaone (9880),-tdfluoromethylacetophenone
( 9 8 %) -methoxryacetophenone 9 © %) ,-triflugtodnethoxyacetophenone (98%),

46fl uor oac et op htethuwylacetpherdre®pl%). and 4

5.3.2 Pumpprobe experimental setup

The pulses used in this chapter consist of the output from the optical parametric
amplifier and the output frotte regenerative amplifier. The schematic of the pump probe
setup was provided in chapter 2 for reference. Briefly, a Ti:Sapphire amplifier producing
1 mJ, 50 fs pulses is split by a 75/25 beamsplitter directly after the output from the
regenerative amgler. Approximately 500' J is used to pump the collinear optical
parametric amplifier (OPA) which generates an ultrashort signal pulse that is readily
tunable between the wavelengths of 1150-ri'850 nm with pulse durations from-200
fs. The signal bem is expanded to four times the original beam size using a combination

of spherical mirrors and fills the numerical aperture of a ptaomvex lensf=20 cm, which
151
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allows for intensities approaching <#® cm? to be reached in the focal region of the

time of flight mass spectrometer. Attenuation of the beam was performed using a circular
variable neutral density filter. The remaining portion of the 790 nm beam is sent through

a delay path with a variable delay stage which controls the time delay betveetmo

pulses. A telescope is used to mode match the 790 nm beam with the infrared beam and
ensures similar focusing conditions within the time of flight mass spectrometer. A
secondary variable attenuator is used to adjust the intensity of the 73amm Hhe 790

nm beam is collinearly aligned with the signal beam and focused in the chamber by passing
through the same plareonvex lensf=20 cm. The beams are spatially and temporally
overlapped according to the zero delay procedure in chapt¥e@on gas is effusively
introduced into the chamber by a second variable leak valve to serve as a zero delay
observable. An exponential increase in the xenon signal is observed when the beams are
overlapped correctly in the chamber. Minor adjustmentthéospatial and temporal
overlap are performed to maximize the xenon signal in the chamber. Intensity calibration
of the pump laser is performed by the simultaneous ionization of xenon as outlined in
chapter 2. Selection of the delay stage direction amdepintensities allows our
configuration to support either pulses to assume the roles of either the pump or probe
pul ses. The pump be ai@ sm? regatdiess ofi theypumpa s  ~ &
wavel ength, and the 790 n m2prcofe theidtialmé s i n
set of experiments in section 5.4 and was variably attenuated froth:ed®W cm? in

the latter portion of section 5.4. lonization with 395 nm, the second harmonic of 790 nm

generated in a BBO crystal was also performed foitiaddl mass spectral comparison.
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5.3.3 Pulse characterization
Pulse durations for the signal pulse in the following experiments were maintained
at 70 fs + 5 fs across the tuning range as measured by second harmonic generation
frequencyresolved optical gting and the pulse duration for the 790 nm pulse was
measured to be 60 fs £ 5 fs. A flip mirror in the path of the signal beam or 790 nm beam
was inserted to easily direct the beam into the FROG for characterization without
disrupting the experimental tsg.
5.3.4 Mass spectrometer operating conditions and acquisition of ion transients
Mass spectra were measured using a linear 1 metepfHftight system operating
in positive ion mode as described in chapter 2. Amd0slit between the ionization and
detection regions restricts intensity averaging effects over the focal volume. A digital
oscilloscope (LeCroy LT372) averaged mass spectra for 2500 milliseconds (~200 shots) to
produce the raw mass spectra. Cursors set by a Labview program integratasktpeaks
of interest after collection of each mass spectra to produce the specified ion signal as a
function of pump probe time delay. The ion signal as a function of pump probe time delay
is referred to as the ion transient. The length of the pumpe @cdn extended fror500
fs to 4000 fs in steps of 25 fs. The experiment was repeated four additional times to
produce five raw ion transients for the peaks of interest. The molecular sample was leaked
into the vacuum chamber by a variable leak valvatt@in a sample pressure of 3.5 %10
Torr. A second leak valve was used to maintain the xenon pressure in the vacuum chamber
at 7.5x1@ Torr. The laser intensity at each wavelength was internally calibrated for each
measurement by the Xe ion intensithe X€& signals were fit to ADK calculations for

tunnel ionization of a rare gas atom to determine the absolute laser intériiy.

153


file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_13

background vacuum pressure in the chamber was ~1.§ Xd@. Identical experiments
on para- substituted acetophenone derivatives that are presented in the last section of this
chapter wereperformed using a Lecroy Waverunner 610Zi oscilloscope to acquire
experimental data in a fifth of the time as compared to the existing Lecroy LT372
oscilloscope.
5.3.5 Signal processing

The five raw ion transients for each peak were averaged togethetlabMdhe
averaged transients were thesptetted as a function of purqrobe time delay. The zero
delay of the experiment was determined by measuring the peak of the xenon ion signal.
Many of the time resolved ion signals exhibited oscillations whimhidc be fit to a
combination of sinusoidal and exponential curves. Fitting of the transients was performed
using the Matlab curve fitting tool to extract dynamic information

5.3.6 Supporting calculations

Electronic structure calculations were performesthgthe Gaussian09 program
packag@’. Thegeometries of the acetophenone neutral molecules and radical cations were
optimized at theB3LYP/6-311++G(d,p) level of theory. The ground and excited state
energies as a function of dihedral angle were calculated at thelB@@SD/6311+G(d)
level of theory using QCHEM. The transition dipole coupling between the ground state D
and the excitedtate D as a function of dihedral angle was calculated at the EOMEE

CCSD/631+G(d) level using Gaussi#n
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5.4 Results and discussion
5.4.1 Time resolved photodissociation measurements on the acetophenone
radical cation

Figure 5.1 displays the parent molecular ion signal as a function of-probp
delay for the pump wavelengths 790 n#p, 1270 nm @), 1370 nm @), and 1500 nmx).
At negativetime delays, only the pump pulse contributes to the ion signal because the probe
pulse is not intense enough to ionize the molecule. At zero delay, the increased ion signal
arises from the overlapping of pump and probe pulses. The zero delay featdieed a
result of the intensity increase that occurs when both pulses are spatially and temporally
overlapped in the focal region. The dashed vertical lines highlight two minima in the ion
yield with a period of 650 fs. The petdcpeak amplitude of the &t oscillation is a factor
of 10 greater using ne#iR excitation with the exception at 1370 nm which will be
discussed in detail in section 5.4.3. Such large amplitude oscillations are not typical in
time-resolved, strondield, pumpprobe experiments 2> 30, At the neaR pump
wavelengths the oscillations are clearly resolved out to ~3 ps whereas when using a 790
nm pump the oscillations are only visible to about ~1.5 ps. The small fiameyield and
low amplitude oscillation in the case thie 790 nm pump (comparable to those observed
in previous experiments) are consistent with the hypothesis that dissociation is caused
by population of multiple excited electronic states in the cation due to nonadiabatic
excitation. Additionally, the coherentiene retrieved from nonlinear least squares fitting

of the experimental data increases from 440 fs for 790 nm excitation to 570 fs for 1270 and
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Figure 5.1. Parent ion signal as a function of pyrgbe delay for pump
wavelengths of 790 nm+{ 1270 nm(*), 1370 nm ¢), and 1500 nmx). The Keldysh
parameter at each pump wavelength is listed in the legend. Dashed lines denote minima of

the ion yield with a period T = 650 fs.
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1500 nm excitation. The Keldysh parameter values are listed alongsidputhe
wavelengths in figure 5.1 and further support the notion of different ionization processes
at the different wavelengths. At 790 nm the Keldysh value is 1.25 which suggest more
multiphoton ionization character then tunnel ionization. The adialygb@rameter values

are all less than 1 for the infrared pump wavelengths, >1200 nm, which suggest tunnel
ionization as the primary ionization process. The transition from nonadiabatic to adiabatic
ionization is further illustrated in figure 5.2 and figl&. Figure 5.2 provides the mass
spectrum of acetophenone upon excitation with wavelengths ranging from 3932500

nm. The mass spectrum at 395 nm and 790 nm clearly exhibit a higher yield of small
fragments (m/z < 77) than the longer wavelengthsclvig consistent with nonadiabatic
ionization at 395 nm and 790 nm and adiabatic ionization at the longer wavelehijtbs
excitation with 395 nm, a higher degree of fragmeorais observed and a smaller parent

ion yield is measured than compared to the mass spectra taken with 790 nm excitation
further supporting the role of nonadiabatic ionization at shorter wavelengths. Figure 5.3
plots the fractional yields of the paren) @nd fragment () ions as a function of excitation
wavelength in the absence of the probe pulse. The increase of the relative parent ion yield
by a factor of 5 and 10 in the nd& as compared to 790 nm and 395 nm, respectively, is
consistent wittenhanced pparation of the ion in its ground state via adiabatic ionization.
The data points near 1370 nm are omitted from figure 5.3 since these wavelengths
correspond to a specific case of adiabatic ionization followed by a one photon excitation

that was discussed in chapters 3 and 4. We can test the notion that strong fi¢Rl near
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Figure 5.2. Mass spectra of acetophenone upon ionization at 395, 790, 1270, 1370,
and 1500 nm. The intensity for each laser pulse was 5.8>¥\.@n2. The parent ion
(M*), benzoyl ion (MCHs"), and phenyl ion (MCOCH;:") are indicated. Note: All

wavelenghts except 395 nm were used in the pump probe experiments.
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Figure 5.3. Parent] and fragmenty() ion signals as a function of excitation wavelength.
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excitation prepares a launch state by projecting the wavepacket onto a given final state with
a probe laser pulse. Projecting from multiple initial states is expected to result indimited
amplitude modulation for a given final state due to nonadiabatic prepacdtionltiple

initial states. Projecting from a single initial state should, in contrast, lead to -higher
amplitude modulation. The final states in this experiment are given by the dissociation
products of acetophenone: benzoyl, phenyl, acetylraethyl iors>*. The yields of the
parent ), benzoyl ¢), and phenyl) ions are plotted as a function of delay between the
pump and probe pulses in figure 5.4 for pump wavelengths of (a) 790 nm, (b) 1270 nm,
and (c) 1370 nm. Excitation with a 1500 nm pump pulse generates similar transients to the
1270 nm pulse. The acetghd methyl ion signals behave with identical oscillatory
behavior as the phenyl ion signal but with reduced yields. To extract information pertaining

to the time dynamics the ion transient signals were fit to the exponentially decaying
sinusoid function'Yd AOET— @ z'Qw7 'Qwhere ais the amplitude, b is the

wavepacket period, ¢ and e are constants, and d is the coherenceltitrle. 1 gives the
fitting parameters for the parent, benzoyl, and phenyl ion signals for the different pump
wavelengths. The fitting reveals an oscillation period of 650 fs (1.481 THz) for the parent
ion transient. This is consistent with a torsional mode at 1.436 THz in the microwave
spectrum of acetophenone involving rotation about the cachdyon bond joining #n

phenyl ring to the acetyl groef.
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Figure 5.4. Timadependent signals of acetophenone paréntoenzoyl ¢), and
phenyl () ions at pump wavelengths (a) 790 nm, (b) 1270 nm, and (c) 1370 nm. The solid
curves are the nonlinear least squares fits of the data to a decaying sinusoidal function.
Dashed lines at 0.325 ps and 0.650 ps indicate the first minimum and maximum of the
parent ion signal when the pump wavelength is 1270 nm. Dotted lines at 0.425 ps and 0.750
ps indicate the first maximum (minimum) and minimum (maximum) of phenyl (benzoyl)
ion signal when the pump wavelength is 790 nm and 1370 nm. The inset in (c) depicts th

benzoyl transient.
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A

Table 5.1

ion pump A (nm) 1 T, (ps) cbl(rad) Tl(PS) e

= 790 0.0337 0660 0496 0439 0.0362
3 1270 0.214 0.642 1.07 0566 0.305
© 1370 0.0146  0.664 132 0542 0.106
Q 1500 0.278 0.660 1.03 0540 0.336
= 790 0.0457 0632 572 0533 0.489
~ 1270 0.190 0.668 4.71 0.586 0.617
- 1370 0.157 0570 590 0274 0.856
s 1500 0.251 0.668 455 (0670 0.884
= 790 0.0270 0614 373  0.603 0.0856
£ 1270 0.0737  0.601 296 0276 0.185
o 1370 -0.060 0.631 298 0.314 0.236
< 1500 -0.0585 0608 294 0366 0.147

S(t)= A,*sin((2nt)/b+c)*exp(-t*d")+e
2n/b=T,, c=¢,, d'=t,

The fitting parameters are shown for the parent, benzoyl, and phenyl ion transients upon

ionization with different pump wavelengths. The pump intensity was ~5.63\\L@n?

at all wavelengths and the 800 nm probtemsity was ~2.0 x £8 W cni?. The fitting

function is given a8Yd AOE 1—
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5.4.2 Interpretation of wavepacket dynamics

To interpret the transients in figure 5.4, a series of calculations were performed to
model the wavepackeydamics of the acetophenone radical cation. The dihedral angle is
the primary coordinate that is changing after the creation of the molecular ion at a 0
dihedral angle, with the wavepacket moving towards the energy minimum. afth&
ground and excitedi@te energies as a function of dihedral angle were calculated at the
EOM-IP-CCSD/6311+G(d) level of theory usinQCHEM3® The transition dipole
coupling between the ground state &d the excited state las a function of dihedral
angle was calculated at the EGBE-CCSD/631+G(d) level using Gaussid4hThese
calculations reveal a maximum dipole coupling at a dihedral angle ah@@ero coupling
at 0 and 18Q Figure 5.5(a) displays the energies of théX), D1 (*), and D (+) surfaces
as a function of the dihedral angle with all other internal coordinates optimized and the
superimposed yellow curve corresponds to the transition dipole vakiebetween @
and D. The proposed mechanism of benzoyl ion formation at the puanelengths of
1270 nm and 1500 nm is illustrated on the potential surfaces in Figure 5.5(a). Adiabatic
ionization launches a wavepacket that propagates alongctiserface from the initial
dihedral angle of Qoward 18Q as shown by the light blue del line. The Bto D2 dipole
coupling increases with increasing dihedral angle from the minimum alldwving the
time-delayed probe pulse (dotted magenta arrow of length 1.6 eV) to transfer population
to the D surface most efficiently at a dihedralgi® of 90 where the transition dipole
among the B and D surfaces is maximum. Once population is transferred to the D

surface, the wavepacket propagates to a dihedral angle dfigBbblue dashed line),
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Figure 5.5. Dissociation mechanism of theetophenone radical cation and
wavepacket trajectories on the acetophenone radical cation ground ionic surface (a)
Calculated potential energy surfaces (0), D1 (*) and D (+) as a function of dihedral
angle. The pale blue dashed lines indicadepacket motion on theoland D surfaces
and the dotted line indicates the 790 nm probe photon. The shaded yellow curve represents
the transition dipole coupling, ‘02, between I and . The dipole moments were
calculated by Maryam Tarazkar. (b) Calcdated wavepacket trajectory (black)

superimposed on the parer} &nd benzoyl«) transient signals.
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where a conical intersection seam amordp/D- (shaded oval) facilitates dissociation to
the benzoyl on*4. Thus the first maximum in the benzoyl ion yield and the concurrent
minimum in the parent ion yield at a pusppobe elay of 325 fs correspond to the time
required for the centroid of the wavepacket to reachA0the dihedral angle increases
past 9Q the coupling betweendand D> (and corresponding benzoyl ion yield) decreases
until the minimum benzoyl/maximum parent ion yields are observed at 650 fs,
corresponding to the forbidden transition at 18Dontinued oscillation of the D
wavepacket produced maximum population transbery time thelihedral angle reaches
90, with two recurrences detectable in figure 5.4(b) and four recurrences detectable in the
parent ion signal with a 1270 or 1500 nm pump in figure Btie decay of the modulations
most likely exist from the wavepket moving into other degrees of freedom that may
couple into the torsional mode. This would lead to a loss of wavepacket population and
loss of coherence as the phase information would be lost to the other modes. If the decay
of the modulations was due wavepacket dispersion from the anharmonicity of-a 1
surface we would expect the modulations to revive at some longer delay times however
experiments at longer pump probe time delays (<10 ps) do not show any oscillation revival.
To test the proposed eanhanism, wavepacket trajectory calculations were
performed using the Psurface in figure 5.5(a). Based on the method of Zélydle
evolution of the dihedral angle of the wavepacket centroid is determined by the equation

of motion

— -We T We O (5.1)

whereV (U (is@hg initial potential value at time zetas the reduced moment of

inertia for the torsional motion, and( G (s thé Dy surface in figure 5.5(a). Equation 5.1
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was solved using the numerical integrator ode45 in MATLAB, with the initial value of
V ( (0))=10*radian and a reduced moment of inertia of 5.22°¥ k@ n?. The calculated
dihedral angle as a function of time is plotted as the thick black line in figure 5.5(b), along
with the transient signals of the parent iof) &nd benzoyl ion ). The trajectory
calculation reveals the wavepacket reaches the geometry with largest transition probability
to the dissociative Pstate (at the dihedral angle of %0 approximately 320 fs, where
probepulse excitation most effectively depletes the poputatio the bound bstate. This
time delay is in excellent agreement with the experimentally measured minimum in the
parent yield and maximum in the benzoyl ion yield at a time delay of 325 fs. The minimum
of the benzoyl ion yield and recurrence in the pai@nyield that occur at 650 fs delay are
in agreement with the trajectory prediction of the calculated torsional angle reaching 180
at 650 fs.
5.4.2.1 Classical wavepacket trajectory derivation

The following set of equations are provided to understhrdsteps in deriving
equation 5.1. The set of equations is modified from the classical wavepacket calculations
as performed byewail!. Here’ is the reduced mass and is replaced,lifie reduced
moment of inertia, since we are interested in the rotation around the phenyl acetyl bond
axisinacet ophenone. Furthermore, we replace

potential coordinate is the change in phenyl acetyl dihedral angle.
0 ‘w 6—- —— (5.2)

wherel is the reduced moment of inertgjs the angle ofnterest, V is the potential

surface, and ¥ is the angular velocity

— ——n1 - (5.3)
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Solve for a set of different equations, multiply both sidesbynd integrate

—2— — - — (5.4)
6 —; 60— -——— (5.5)
-.— — Qo6 ,—0Q0 (5.6)

-— —ome0 © (5.7)

where E is the integral constant and further arithmetic reproduces equation 5.1

— -We T We O (5.8)

whereV(3(0)) is the initial potential value at the initial dihedral angle ang (%){
is the potential as a function of torsional angle, Integration of both sides specifies the

wavepacket locatioat a certain time along the ground ionic torsional coordinate.

5.4.3 Wavepacket dynamics at resonance (1370 nm): the death of the

wavepacket
The fragmentation dynamics using a 1370 nm pump pulse, figure 5.4(c), to

prepare the Pwavepacket are distinctly different than all of the other pump wavelengths
investigated in the nedR from 1150- 1500 nm. For instance, the amplitude of modulation

is an order of magnitude lower than that measured at 1270 nm and the benzoyl transient
phase changes by ~1.2 rad (table 5.1). To rationalize the 1370 nm pump transients, we
consider the previously reported epleoton transition between the Bnd D> surfaces of

the acetophenone radical cation that occurs within the duration of the 1370 etf s
experiment revealed a systematic increase in benzoyl ion sighairaultaneous decrease

in parent ion signal upon tuning the wavelength from 1320 nm and achieving a maximum
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Figure 5.6. Enlarged view of the transient signals from the acetophenone radical

cation with a 1370 nm pump. The parent, benzoyl, @rehyl signals correspond to the

red, blue, and green points, respectively. The curve fits for each signal are included.
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benzoyl ion signal at 1370 nm. The benzoyl ion forms after wavepacket propagation on the
D2 surface reaches the conical intersecéeam at 1862, The transition from Bto Do
provides sufficient energy on the Burface to break the methyl bond and form the benzoyl
ion. According to figure 5.5(b), the minimum of the §urface at a dihedral angle of 44
(where the 1370 nm transition occurs) is reached after 250 fs of wavepacket evolution. At
this time delay theeimporal amplitude of the 1370 nm pump pulse (as measured by second
harmonic FROG) is approximately 1% of the peak amplitude, corresponding to an intensity
of 5 x 10* W cni?. This intensity is sufficient to saturate a gufeton transition to the
excited eergy surface. Note that the feature at zero pump probe time delay observed for
the 1370 nm pump is also a factor of five larger than all other experiments. This implies
that the 790 nm probe contributes to theiriitial state population, and this popudat is

also excited to the dissociative Burface by the trailing edge of the 1370 nm pump. The
zero delay features for 1270 nm, 1500 nm, and 790 nm pump pulses are not as large because

there is no ong@hoton transition mechanism active at these wavehsngt

The peakto-peak amplitude of the parent ion oscillation for the 1370 nm pump in
figure 5.4(c) is an order of magnitude lower than thatsuesd for 1270 nm or 1500 nm.
This decrease in modulation supports the hypothesis that thghoten excitatiorfor a
1370 nm pump pulse transfers most of thewvepacket to the Dsurface within the
pump pulse duration. The marked depletion of the parent ion reflects the death ef the D
wavepacket and the birth of a wavepacket on theudface. Another signatuffer the
transfer of the groundtate wavepacket to the: Burface during the 1370 nm pump pulse
is the 1.2 radian phase shift measured in the benzoyl ion transient in figure 5.4(c) as

compared to figure 5.4(b). A magnified view of the figure 5.4(c)asiged in figure 5.6.
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The phase shift observed after the zero delay peak reflects wavepacket dynamicson the D
potential which can be probed by the 790 nm pulse in comparison with the wavepacket
dynamics on [p,. Excitation to a higher lying surface, fotaenple, I3, by the probe pulse

can result in dissociation to the phenyl ion, which accounts for the observed depletion of
the benzoyl ion yield and simultaneous increase in the phenyl ion yield. The wavepacket
oscillating on the Rsurface will encountehe conical intersection that leads to depletion

of the majority of the wavepacket and breaking of the methyl bond producing the benzoyl
ion. However, a small fraction of the wavepacket may remain on ilsuiface and be
excited to the higher lying stategroducing an additional antiphase oscillation in the
phenyl and benzoyl ion transients. Under the conditions employed in the 1370 nm pump
experiment, ~10% of the initial wavepacket remains on theudface, as seen by the
oscillations in the parent ionegfd. A similar excitation path toLand perhaps higher states
occurs when the pump wavelength is 790 nm, figure 5.4(a), where limited ground ionic
state population is observed and the benzoyl and phenyl transients oscillate out of phase.
This experimentindicates that ionization of acetophenone with 1370 nm results in
nonadiabatic dynamics due to the significant depletion of herd¥epacket within the

pump pulse.

5.4.4 Analysis of the phenyl ion transient
According to ouprevious resulf§ #>a 1370 nm pumpulse can initially populate

the D surface via a one photon transition whereas atttier pump wavelengths (1270 or
1500 nm) there is no one photon transition that leads feopulation within the pump
pulse duration. A portion of the wavepacket that was transferred totherface by the
1370 nm pump pulse may be excited by the #@robe pulse to a higher lying state e.g.

D3, to generate the phenyl ion. Comparison of the phenyl transients suggests there may be
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Figure 5.7. The phenyl ion transient yields measured with different pump

wavelengths. The fits are exponentiallycdgng sinusoid functions overlaid on the data

and the signals are manually offset from each other.
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another scenario that leads to formation of the phenyl ion. Inspection of the phenyl
transients in figure 5.7 reveals that the oscillation amplituéeiog, and phase are
independent of the pump wavelength which suggests a similar mechanism to create the
phenyl ion occurs at all infrared pump wavelengths. The phenyl transients are also slightly
offset from the parent ion by ~ 50 fs as seen in figudehd figure 5.6. If direct excitation

of the ground state wavepacket to a higher lying state was responsible for the phenyl ion
the parent and phenyl oscillations would be 80 of phase (3.14 radian) with each other
however the phenyl is shifted frothe parent signal by ~1.6 rad. Furthermore, at a time
delay of 325 fs, the probe pulse excites the wavepacket on teface to the Psurface
regardless of the pump wavelength. A 1370 nm pump will minimize the amount of ground
state population that can be transferred to thesWface by the probe pulse therefore a
decrease in the amplitude of the phenyl transient would be expectedvetothe
amplitude of the phenyl transient is independent of pump wavelength providing additional
evidence that the mechanism to phenyl productiosinsilar at the differentpump
wavelengths. Additional inspection of the benzoyl transient in figure 5Sré{@als the
benzoyl transient is slightly shifted from the parent transient and consists of two oscillatory
component&. In the following section we discuss a probe intensity scan that helps to
elucidate the origin of the secondary dynamics.

5.4.5Probe intensity study of acetophenone launchiae dynamics
It has been established that ionization can occur from multiple molecular orbitals

projecting the molecule into different ionic stdfe’s. Tunnel ionization from multiple
orbitals was first observed in the strong field ionization of HCI| where the population of the
ground and first excited ionic states corresponded to removal frerhighest occupied
molecular orbital (HOMO) and HOMQ, respectively, which are separated by ~4*&V
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lonization from multiple orbitals has been observed in polyatomic molecules where the
energy spacing among orbital levels arenesmallef®?” %6, In acetophenone, the three
highest occupied molecular orbitals in acetophenone @hinvd.4 eV of each other as
determined by photoelectron spectrosédpsherefore tunnel ionization from different
orbitals in acetophenone may populate multiple ionic states. Furthermore, the presence of
a conical itersection upon vertical ionization in the acetophenone radical Catiay
facilitate population transfer into multiple ionic states. Additional calculations of the
acetophenone radical cation reveal higher lying ionic states,s.@4Pand 3, along the
torsional coordinate that can only be reached with the absorption of at leas®@®nm
photons (1.57eV}§ 3. The ability to perform higher order excitation, i.e. two photon
excitation, to higher lying ionic states should correlate with the intensity of the probe pulse
therefore we anticipate the probe intensity will be an importanabla in observing
additional wavepacket dynamics. A description of the secondary dynamics in the
acetophenone radical cation has been proposed by measuring the ion transients as a
function of probe intensity and deconvolution of the ion transients sfdrial this section

we present the 790m probe intensity scan at a fixed 1270 nm pump wavelength that
allowed the acetophenone launch state dynamics to be described in greatérAlelai

probe powers we expect exclusive excitation of th@v®vepacket to the surface since

a single photon is required for this transition. the probe intensity increases we anticipate

the absorption of additional photons by the system will reveal secondary dynamics

reflected in the phenyl ion and small mass fragment tran&ients

Figure 5.8 gives the parent and benzoyl ion transient signals upon ionization with

a 1270 nm pump pulse andnous 790 nm probe pulsgtensities The oscillation period
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of the parent ion signal is identical at albpe intensities. As the probe eneigjincreased

the oscillation amplitude of the parent ion signal increasésat the highest probe energy

the oscillation amplitude saturates. The benzoyl transient oscillation period is identical
throughout the various probe intensities but the oscillation amplitude modulation behaves
nonrmonotonically. At low probe energiethe benzoyl oscillation amplitude increases
linearly with increasing probe intensity butdies to decrease at probe energjesater

than 5* J. Similar ion transients were acquired for the phenyl, butadienyl, acetyl, and
methyl ions. Figure 5.9 depicthe parent ), benzoyl{), phenyl{), butadienyl),
acetyl¢), and methyl {) ion signals measured at a pump probe time delay of 350 fs as a
function of probe intensity. At low probe intensities the methyl, acetyl, butadienyl, and
phenyl ion signals arsdependent of the time delay and do not possess any oscillatory
behavior, i.e. the ion signals are unaffected by the presence of the 790 nm probe pulse. The
parent and benzoybn signals at low probe energje‘ J, and positive time delays are
linear with probe intensity confirming the dissociation mechanism in figure 5.5(ayvat
probe energy Upon tunnel ionization, the wavepacket traverses the ground ionic surface
until it reaches the 9@orsional angle where the maximum transition dipole bebw&,

and D occursAt a torsional angle of 9the time delayed probe pulse can most effectively
excite the wavepacket to the Burface and subsequent wavepacket motion on the D
surface leads to formation of the benzoyl ion following passage through the conical
intersection. At higher probe energies2 * J, a decrease in the benzoyl ion signal is
accompanied by an increase in the phenyl ion transient with accompanying agcillato
behavior similar to the phenyl oscillations in figure 5.7 is observed. The appearance of

oscillations in the phenyl iomansients at higher probe energseggests the phenyl ion
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Figure 5.10. Determination of two oscillatory components in thezbyl ion
transient. Top panel: Raw parent (red) and benzoyl (blue) transients with a pump
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x 1082 W cmi? and ~ 3 x 1& W cmi?2. Bottom panel: The raw phenyl transisignal

(green) and the sum of the parent and benzoyl transients (purple) from the top panel. The

dashed line indicates first minimum of parent transient.
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originates from a higher order excitation process. If the phenyl signal originated from the
direct excitation of the [ wavepacket to a higher lying state, e.gulhen the phenyl
oscillations should be perfectly out of phase with the parent transient. However the phenyl
oscillations are shifted with respect to the parent oscillations as seenna figu A
possible mechanism to account for the phenyl shift with respect to the parent transient is a
one photon excitation followed by a two photon excitation within the probe pulse duration.
At a time delay of 325 fs excitation of the Wavepacket tthe D, surface may occur with
the leading edge of the probe pulse followed by a sequential two photon excitation from
the Dy surface to higher lying states later in the duration of probe pulse. The distance the
wavepacket travelled on the Burface aftethe one photon excitation earlier in the probe
pulse and prior to the two photon excitation later in the pulse may be enough to account
for the ~50 fs shift in the phenyl transient in comparison to the parent transient. However
as will be discussed belosther experimental evidence suggests another mechanism may
account for this offset. Finally, we alxwe at even higher probe enethg appearance of
similar oscillations in the acetyl and methyl transient in comparison with the phenyl
transient which caarise from excitation of the wavepacket into other hidyiag states.

The slight phase shift of the benzoyl and parent transients in figure 5.4(b) and figure
5.8 suggests the benzoyl transient is composed of an additional oscillatory component that
participates in the dynamics at the higher probe intensities. Subtraction of the parent
transient from the benzoyl signal eliminates the contributions from the ground state
wavepacket to the benzoyl transient and reveals a second oscillatory corfifamsmbwn
in figure 5.10. The remaining benzoyl transient in the bottom panel of figure 5.10 is 180

out of phase with the phenyl ion, similar to the transient signals measured at 1370 nm
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(figure 5.6) which suggests the dynamics in both experiments nggaig from the same
mechanism.Accounting for the wavepacket dynamics at a 1370 nm pump and analysis of
the intensity study suggests that two initial wavepackets are launched upon tunnel
ionization into the Pand D/D- states. The primary componenttbé benzoyl transient
corresponds to thedvavepacket dynamics where a single 790 nm probe photon excites
the Dy wavepacket to the Dsurface leading to benzoyl ion formation. The secondary
oscillatory component in figure 5.10 is revealed only at highaloe energy. Inspection of

the phenyl and parent amplitudes at 1370 nm in table 5.1 reveals that the phenyl amplitude
is four times larger than the parent oscillation amplitude. The ground state wavepacket is
significantly depleted in the 1370 nm pumgeme leaving only a small fraction of the
launch state to propagate on theddrface where it can be excited to thesiate by the

790 nm probe pulsé Sequential two photon excitation within the duration of the probe to
higher lying states, e.g.sPthat produce the phenyl ion would result in a phenyl oscillation
amplitude that mirrors the parent oscillation amplitude. However the phenyl transient
amplitude significantly exceeds the parent amplitude thus this mechaloisen aannot
account for the secondary dynamics. Coincidence experiments reveal that tunneling from
different molecular orbitals can occur even if their energies are separated by*%4'eV

The HOMO f( orbital on the oxygen), HOMQ, and HOMG2 (el ectrons fr om
of the phenyl ring) have been measured with photoelectron spectroscopy to lie within 0.5
eV of each othéf. Therefore upon tunnel ionization a eadary wavepacket may be
launched on the {ID, surface that is only detected at higher probe powers since the energy
required from the BD> surface to access the higher lying states is ~3 eV (two 790 nm

photonsj® 43, The second wavepacket is allowed to oscikatehe excited ionic surface
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wherein an intense enough probe pulse can transfer population te shefdze resulting
in the observation of the secondary dynamics and oscillations in the phenyl ion. The
identical phenyl transients and the deconvolutidnti® benzoyl transient into two
oscillatory components indicate sequential two photon excitation within the probe pulse
may not be the source of the secondary dynamics rather the data suggests the secondary
dynamics originate from a second wavepacketdhad on the BD2 surface upon tunnel
ionization. Future experiments that access resonant transitions in the ionic states by varying
the probe frequency and potential photoelectron measurements will be necessary to
confirm the existence and natwkthe secondary wavepacket.
5.5 Launch state control in acetophenone derivatives via molecular
substitution
Intramolecular vibrational energy redistribution (IVR) plays an important role in
the coherent control of bond dissociaffortVR may lead to a lack of bond selectivity as
population in the initial state can easily dissipate into the other levels of the €8tem
Investigations of substituent groups on the rate of IVR dynamics often reveal counter
intuitive phenomed®®. As anticipated, substitution of a fluorine atom with a methyl
group inpara-difluorobenzene increases the rate of "Rhe van der Waals interactions
between the methyl hydrogens and adjacent benzene hydrogens facilitated internal
collisions among the methyl rotor and benzene ritgclv enabled efficient mixing of
states and an increase in the energy redistribution rate.-Fhst@tch IVR rate has been
investigated in functionalized acetylene molecules, X€CH, where X= C, Si, or Sn
and Y=H, D, or F*55, An increase in the mass of the central atom lowered the methyl

torsional barrier corresponding to a decreasing IVR rate. Calculations revealed that a small
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density of anharmonically coupled states in thermésliate tier restricted the energy flow
from the GH stretch to the rest of the molecule. Furthermore, the exponential increase in
the density of states by four orders of magnitude fors{CEroup substitution in
comparison with the (Ckk group had littie effect on the IVR rate. Recent femtosecond
pump probe gas phase studies on the vibrational energy redistribution ofHheng
stretch vibration in aromatic molecules have provided insight towards controlling IVR with
molecular substitutiol. Substitution by a trifluoromethyl group in benzene increased the
IVR rate by a factor of two as compared with substitution of a fluorine or methyl group.
This increase waattributed to the nonlinear increase of higher order couplings controlling
the depopulation of the initial bright state.

Tunable ultrashort pulses may limit the deleterious effects of intramolecular energy
redistribution, and enable mode selective excitaand control of bond dissociatigi®.
Time-resolved fluorescence measurements on diazomethane revgaledd state
dissociation that was induced by selective excitation of a single vibrationaPméde
ultrafast tunable midhfrared laser pulse coupled directly into the CNN asymmetric stretch
initiated the dissociation on a spirosecond time scale and effectively limited IVR.
Ultrafast mode selective dissociation has been investigated theoretically for the radical
cations ohalogenated hydrocarbcofisnd formyl chloride® with strong field midinfrared
laser pulses. In the case of 8F, tuning the excitation wavelength into resonance with
the GF band stretch while aligning the laser polarization along tHe l@nd resulted in
an enhancement of fluorine elimination.

Selective bond dissociation has been achieved in a group of alkyl phenyl Retones

36 py exploiting the torsional nuclear motion that facilitates dissociation upon excitation
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with infrared pulsesto excited ionic states. Laser properties including wavelength,
intensity, and pulse duration have been shown to play a key role in the bond dissociation
of the acetophenone radical caffoiBond dissociation in the alkyl phenyl ketones can also
be controlled with specific positioning of substituents groups on the phenyfF¥ing
Positioning methyl or hydroxyubstituent groups on the phenyl ring of the acetophenone
molecule creates rotational barriers on the cationic ground state via steric hinderance,
intramolecular hydrogen bonding, and/or electron delocalization. The barrier height
depends on the position tife substituent group with respect to the phenyl acetyl dihedral
angle. The torsional barrier to rotation restricts the wavepacket motion on the ground ionic
surface and inhibits some or all of the wavepacket from accessing the bright region to
dissociaton 33356 effectively suppressing the amount of benzoyl ion formation. The effect
of different para- substitution groups on ggsase neutral acetophenone molecules has
been studied using density functional theory calculatfoifhe calculations suggest the
torsional barriers about the phenyl acetyl dihedral angle increase as the electron donating
character of th@ara- substituent group increases. Thhse torsional barrier decreases in
the following order, OCEPCH:>F>H>CR. The stronger electron donating groups
increase the °~ c¢character of the phenyl ace
acetyl bond length. Electron withdrawing groups hsugs trifluoromethyl lead to
lengthening of the phenyl acetyl bond and lower rotational barriers. This trend is consistent
with magnetic resonance experiments on identgafa substituted acetophenone
derivative§-%,

The torsional coordinate plays a critical role in controlling the launch state

dynamics in the acetophenone radical cdtiounnel ionization via strong infrared pump
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pulse followed by a weak field probe pulse to larger amplitude oscillations and longer
coherence times of the parent ion transient in comparison to ionizing with a 790 nm pump
pulse. Control of the launch state dynamics was achieved by varying the pump
wavelength? and probe intensify. Based on previous controlled bond dissociation results
in the acetophenone radical cation with substitution grsdpsve hypothesize that
systematic variation of the electronic and structural properties opalee substituent
group will lead to changes in the ground ionic torsional coordinate and enable a higher
degree of control over the launch state dynamics. The substitution is limitedparthe
position in our experiments since many of the molecules were readily agadiatithe
para- position will ensure steric effects and intramolecular bonding among the substituent
group and the acetyl group are avoided, highlighting the functional groups effect on the
phenyl acetyl torsional dynamics. Figure 5.11 depicts a cartodheoficetophenone
molecule and the expected outcomes haria substitution will have on the torsional
motion. We perform pump probe measurements on a serigmraf substituted
acetophenone derivatives with a strong field 1270 nm pump pulse and wdatOfienm
probe pulse and compare their corresponding parent ion transients. The pulse intensities
are 5 x 182 W cmi?and 2 x 18> W cni?, respectively.
5.5.1 Parent ion transients of acetophenone derivatives

Figure 5.12 provides the averaged parentsigmal as a function of purmrobe
delay for variougpara-substituted acetophenone molecules normalized to their respective
yields at negative time delays. The acetophenone parent ion transient (purple curve) is
provided as a reference and the oscillapenods extracted from the superimposed curve

fits are given next to each transient. The fludgreen), methyl(orange), and
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Figure 5.11. Schematic of the anticipated effects substituents groups may have on
the torsional motion of the acetophenaonelecule. The substituent groups, Y, are Y =

CHs, CK, OH, C(CHy)s, OCH;, F, or OCE.
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Figure 5.12. The parent i on tr-ansi en
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pul seds int &wsittayndwade5 7001 0m probe®@pul sed
W cnm?2. Thesignals normalized to their respective negative time yields and are manually

shifted on the yaxis with respect to each other. The dashed lines indicate the first and

second maximum in the acetophenone transient oscillations.
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Figure 5.13. The parent no tr ansi ents for acetoph:
hydroxyacet ophenanee hoXywagauat)tgpheh®dne - (gr ece
trifluoromethoxyacetophenone (red). The fits to each curve are superimposed on the raw
data and the torsional periods are listed. The 1270mppup ul seds i n't ensi t
Wecm?and the 790 nm probe {PFiwlcseie 6She signdlse ns i t
normalized to their respective negative time yields and are manually shifted caxtse y
with respect to each other. The dashed linegatdithe first and second maximum in the

acetophenone transient oscillations.
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Table 5.2

dara-
substituent A, T, (ps) d(rad) 1(ps) A, T,(®s) ¢.(rad) t(ps)
H 0.0501 0.645 1.373  0.534 -
C(CH,), 0.0145 0.750  1.433 0650 -
CH, 0.0266 0.723 1.16 0919 -
F 0.0256 0.702 1615 0.764 -
CF, 0.0480 0.725 1.07 0.685 0.009 0.620 455  1.65

S(t)= A *sin((2rf)/b+c)*exp(-t*d)+e+A, *sin((2nt)/g+h)*exp(-t'm)
2n/b=T,, 2n/g=T,,c=¢,, h=¢,, d'=t , m'=t,

The fitting parameters for the pardrdansients of differerpara-substituted acetophenone

derivatives fit with a sum of decaying exponential sinusoids. The fitting function is given

as’Yo 0 O0OEl— ® zQwfR Q 6 OEl— Q zQwf .
Table 5.3
para-
substituent A, T,(ps) ¢(rad) t(ps) B, 1,(ps)
H 0.0501 0.645 1.373 0.534 --- -
OH 0.0140 0.600 2.93 0.472 0.0187 1.28

OCH, 0.0136 0.578 2.54 0.430 0.0195 1.14

OCF, 0.0290  0.800 3.46 0.260 0.0055 1.67

S()= A, *sin((2nf)lb+c)"exp(F'd")+e+B “exp(f'g")
2n/b=T, ,c=¢ , d'=1, g'=1,

The fitting parameters for the parent ion transients of diffefgema-substituted
acetophenone derivatives fit with the sum of an decaying exponential sinusoid and

exponential. The fitting function for the parent transients is given"Yas
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tertbutylacetophenone (yellow) parent transients exhibit similar oscillations in comparison
to the acetophenone molecule. Substitution with either a fluoro or methyl group has a small
effect on the acetophenone dynami®ereas substitution with a tertbutyl group reduces

the oscillation amplitude. The fluoro, methyl, tertbutylacetophenone, and unsubstituted
acetophenone parent transients in figure 5.12 were fit to an exponential decaying sinusoid
function and the fittingparameters are specified in table 5.2. The torsional perigpfo(T

t hef l4wo rme,t h4 b -tertlzutylacetoprienone are 702 fs, 723 fs, and 750 fs,
respectivel y. T htefluocomethylladetaphenane (sed)pdrentttransientd 6
are taracteristic of the acetophenone molecule however additional oscillations are
observed ext endi 4rijluorbnethy atetopkenopespareniitransienttwas

fit with the sum of two exponential decaying sinusoids. The fit reveals two oscillatory
components with periods of 725 and 620 fs and coherence times of 0.68 and 1.65 ps,
respectively. Figure 5.13 gives the averaged parent ion signal as a function of pump probe
delay for alkoxy substituted acetophenone molecules. Substitution with hydrethgxy,

and trifluoromethoxy species significantly alters the observed dynamics and suppresses the
oscillation amplitude of the acetophenone radical cation. The transients of all three
acetophenone derivates in figure 5.13 were fit to the sum of an exjmndecaying
sinusoid and an additional exponential decay term. The fits are superimposed on the raw
signals and are in good agreement with the measured dynamics. Table 5.3 displays the
fitting parameter values for the figure 5.13 data. The torsprealr i o d s - hfydooxy, t h e
4 dnethoxy, a rriflluobroethoxy acetophenone transients are 600 fs, 578 fs, and 800
fs respectivel y. iTdeaeasks frors 472 fs o M0 fsen26@®@fs t i

corresponding to hydroxy, methoxy, and triflaorethoxy substitution, respectively.
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Substition with a trifl uor ome,tthatasalfofgheoup r
acetophenone coherence t i methe dlkoxy subsétwtenin d e X
acetophenone derivatives is largea thy arld on the order of ~2 ps.
5.5.2 Analysisof launch state dynamics in acetophenone dertivatives

The timeresolved data in figures 5.12 and 5.13 demonstrate the effeetraf
substitution on the launch state dynamics of the acetophenone ratimal Aadition of
the slightly electron withdrawing fluoro or electron donating methyl mofétfésio not
have a significant effect on the measured wavepacket dynamics. Infrared spectroscopy of
neutal fluorinated acetophenone suggest the addition of a flugnaup in thepara
position reduces the torsional frequefdincreases period) of thdenyl acetyl bond and
this trend is in agreement with our measur
contribute to the molecules moment of inertia therefore a similar period is observed. The
increase of t he t-methyliaodh@&drtbutplazetophenbneican be he 4
explained by the increase in the molecules moment of inertia. In figure 5.9, the moment
of inertia is calculated around the phenyl acetyl rotational axis therefore atoms not on the
rotational axis will increase the momentioértia and lead to an increase in the torsional
period. The moment of inertia increases to 5.4k n?i n -métldylacetophenone to
6.6 x 106 kg n? i n -tebditylacetophenone in comparison to 5.2 1Ky n? for
acetophenone. Additionally, th&ze of the tertbutyl group leads to a decrease in the
amplitude oscillations. It is possible that the initial wavepacket leaks into the multiple

modes that arise with substitution of the large terbutyl group.

189


file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_60
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_64
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_65

5.5.3 Extended coherence with coupledtoor s- i n 40
trifluoromethylacetophenone

A unique result is the meas-iflueromethfy of e
acetophenone r adi c ah n dumfRidramethyl atetophansne avered s f o
also measured but do not contain additioyalkanics. The moment of inertia increases by
a f act or -trifluorondethylatetophendrie (346.0 x kg n?) in comparison to
acetophenone (5.7 x #0kg ). A single function poorly fits the data and the sum of two
exponential decayinginusoids were needed. Figure 5.14 gives the two oscillatory
components that ar e ext-rifuadmetiyladetophenonedave ¢ ur \
data (red). The green curve is similar to the acetophenone radical cation dynamics and the
curve fit catulates a torsional period of 725 fs. We attribute this oscillatory component to
the phenyl acetyl torsional mode since the fitting parameters are similar to the
acetophenone fit parameters. The phenyl acetyl torsional mode increases by ~75 fs due to
thet ri fl uor omet hyl groupbés increase on the r
is the extracted second oscillatory component from the curve fitting and has a torsional
period of 620 fs. Vibrational spectroscopy measurements on trilfuoromethy! stitsiit
assign thé CFs torsional frequency to <100 ¢in Therefore we assign the blue curve to
t he torsion of t he trifluoromethyl - group
trifluoromethylacetophenone does not comtgthenylCOCHs® or CK" fragments
indicating that t he b o n dtrifldoromethylacet@henooen me c
involves the phenyl acetyl torsional bond in order to generate the benzoyl fragment. It is
possible that the two torsional modes haweilar frequencies that may allow the

wavepacket to be shared across a two dimensional torsional surface and not be dissipated
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Figure 5. 14. D e-uifunoromethyladetoptenone parent thaasiedt.o

The averaged p a rtrdluotomethytacetoghénene t(red)odnd tdedtwo

oscillatory components (green and blue) from the curve fitting. The black dashed curve is

the curve fit to the experimental data. The torsional period of the acetyl component is

T1=725 fs and the torsional periodtbk triflouromethyl group is 6620 fs.
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