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ABSTRACT 

 

 This dissertation investigates the electronic spectroscopy of a series of alkyl phenyl 

ketone radical cations and the dynamics of selective launch states in the strong field regime 

with tunable near infrared ultrashort laser pulses from 790 nm – 1550 nm coupled to mass 

spectrometric detection. Our method relies on tunable strong field laser pulses in the range 

from 1150 nm – 1550 nm to adiabatically ioinize gas phase molecules and prepare ions in 

the ground ionic state that serve as a launch state for future excitation and control. Adiabatic 

ionization is capable of transferring little energy to the molecule and producing a majority 

of a parent molecular ion in comparison to nonadiabatic ionization wherein multiple ionic 

states can be populated with an accompanying high degree of molecular fragmentation. We 

measure a dynamic resonance in the low lying electronic states of the acetopheone radical 

cation via preparation of a launch state with adiabatic ionization followed by a one photon 

transition within a single pulse duration which facilitates bond dissociation to produce the 

benzoyl ion.  Experiments on acetophenone homologues and derivatives elucidate the 

structural dependence of the electronic resonance and supporting ab initio calculations 

identify the dynamic resonance along the molecular torsional coordinate between the 

ground ionic state, D0, and second excited state, D2. Post ionization excitation within the 

pulse duration transfers the ground state wavepacket to the D2 surface where the 

wavepacket encounters a three state conical intersection that facilitates the preferred bond 

dissociation.  Time resolved photodissociation experiments measure the dynamics of the 

launch state, large amplitude oscillations and extended coherence times support the notion 

that adiabatic ionization populates a majority of the ground ionic surface.  Control of the 
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dissociation products is initiated from the launch state by varying the pump wavelength 

and probe intensity.  Elimination of the D0 wavepacket with a 1370 nm reveals additional 

secondary dynamics that are attributed to wavepacket motion on the D2 surface.  Finally, 

the effect of para substitution on the acetophenone radical cation is explored as a strategy 

to control the launch state wavepacket dynamics.  Suppresion of the wavepacket dynamics 

are observed with the addition of alkoxy groups whereas extended coherence of the launch 

state dynamics approaching ~5 ps is observed upon trifluoromethyl substitution. A possible 

mechanism for the extended coherenece based on coupled torsional rotors is proposed.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Strong field gas phase mass spectrometry 

The laser molecule interaction in the strong 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 exceed 1012 W cm-2 1-4.  Investigation of strong 

field processes such as molecular ionization5, coulomb explosion6-8, dissociative 

ionization9, and high harmonic generation10-12 have led to progress in elucidating the laser-

molecule interaction and spurred the development of new technologies13-14. Many strong 

field processes originate when an ultrashort laser pulse is focused and allowed to interact 

with an atomic or molecular system.  For example, when a laser pulse with a pulse duration 

of 60 fs, central wavelength of 800 nm, and output power of 50 𝜇J is focused to a spot size 

of ~30 𝜇m an intensities of ~1013 W cm-2 are achieved. The electric fields generated at 

strong field intensities are on 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 Å-1 and the relationship between electric field and 

intensity is described by equation 1.1:  

𝐸0 = (
2𝐼

𝜀0𝑐 𝑛
)

1

2
           (1.1) 

where I is the laser intensity (W m-2), ε0 is the permittivity of free space (F m-1), c is the 

speed of light (m s-1), and n refers to the refractive index m2 W-1.   The energy transferred  
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to the molecules during the ionization process is enough to generate the parent molecular 

radical cation, and additional energy can be redistributed15 within 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 candidates to be studied in a mass spectrometer5-6, 16-18. 

Mass spectrometry is a primary tool 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 experiments have been performed with 800 nm strong field laser 

pulses that have yielded significant insight into the laser-molecule interaction at high 

intensities.  Strong field mass spectrometry experiments on aromatic rings2 and linear 

polyenes19 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 nonadiabatic, 

when the interstate transitions occur. A structure based model2 that modified the Keldysh 

parameter suggested adiabatic ionization with a 800 nm laser pulse was the primary 

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 ionization generated only 

singly and multiply charged parent cations. The atomic model5 of tunnel 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 



 

3 

 

molecules in general were harder to ionize then initially predicted 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 near-infrared laser pulses displayed pronounced fragmentation 

upon ionization with 394 nm but not at 788 nm20. A feature in the cycloketone radical 

cation 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 788 nm laser pulse.  

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 1,3-cyclohexadiene allowed for a high survival of the parent ion and little 

fragmentation at 800 nm21. Additional experiments measuring the kinetic energy of the 

mass fragments after ionization has led to advances in understanding the coulomb 

explosion process in benzene7, anthracene22, methanol8, and C60
23.  Mass spectrometry has 

also been coupled to adaptive pulse shaping24-28 techniques to achieve control over 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 mass fragments originating 

from a single ionization event29-30.  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 determined in the coincident measurements of halogenated 
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methanes with 800 nm ionization and supporting calculations elucidated the role of 

resonances during ionization30. 

1.2 Strong field ionization:nonadiabatic versus adiabatic ionization dynamics 

 In the presence of a strong field laser pulse, 1012 – 1014 W cm-2
,
 an electron can be 

removed from a molecule resulting in the generation of the radical cation through a 

multiphoton mechanism (nonadiabatic) or tunneling mechanism (adiabatic)31.  Ionization 

may also occur with the absorption of a single photon at low intensities or at higher 

intensities, > 1015 W cm-2
,
 and may proceed through an above the barrier mechanism32. In 

this thesis we are mainly interested in radical cation formation with ultrashort pulses in the 

intensity range of 1012 – 1014 W cm-2.  The formation of the radical cation is directly 

influenced by the laser pulse characteristics33 and the molecular properties2, 5, 17.  

Nonadiabatic dynamics transfer energy into multiple excited electronic states of the ion 

that couple to the nuclear degrees of freedom.  In the nonadiabatic case, a strong 

nonresonant laser pulse ionizes the molecule through the simultaneous absorbtion of 

multiple photons each with energy less than the ionization potential and the density of 

states merges to form a quasicontinuum allowing the pulse to easily couple into 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 single2 or multiply34 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 barrier.  The 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 



 

5 

 

during every half cycle of the laser pulse which 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 with identical intensities, the longer wavelength (lower 

frequency) pulse has an optical period twice as long which enables the system’s potential 

barrier to be suppressed longer giving the electron more time to tunnel through the barrier. 

To distinguish tunnel from multiphoton ionization, the atomic Keldysh parameter35, γ, is 

commonly employed. The Keldysh adiabaticity parameter is defined as the ratio of the 

laser frequency, ωo, to a characteristic tunneling frequency, ωt, and is given in the following 

equation, 

𝛾 =
𝜔0

𝜔𝑡
=

𝜔0√2𝐼𝑃𝑚𝑒

𝑒𝐸0
      (1.2) 

where IP is the system’s ionization potential, E0 is the electric field, me is the 

electron mass and e is the electron charge.  Keldysh theory states if γ>>1, multiphoton 

ionization is the primary ionization mechanism, while tunnel ionization dominates if γ<<1, 

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 |e0>, |e1>, |e2>…etc. correspond to the ground ionic, first excited, and 

second excited, respectively. The ionic states that are populated can relax through 

radiationless transitions36-37 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 Keldysh adiabaticity parameter 

values corresponding to multiphoton ionization and tunnel ionization are provided. 
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accomplished by lowering the intensity of the excitation pulse but this can also decrease 

the observed ion signal which can lead to difficulties in data acquisition and analysis. 

Ionization in the adiabatic regime can eliminate fragmentation and preserve the parent 

molecular ion19. Upon tunnel ionization the molecule is left in its ground radical cation 

state, |e0>, with little excess vibrational energy resulting in a higher survival of the parent 

ion yield.  In the adiabatic limit 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 

polyenes19. A strong field infrared pulse (>1000nm) generated single 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. The fragmentation 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 naphthalene 38, anthracene 39, alkylphenols40, and metal carbonyl compounds16. 

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 mechanism41. Fragment ion yields that were dependent on 

molecular structure and chemical functional groups with supporting ab initio calculations 

suggested ionization with sub-30 fs 800 nm pulses results in a cold ground state radical 

cation since the departing 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 
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observed in coincidence measurements while successfully discriminating among indirect 

ionization29-30.  A primary focus of this dissertation will explore the feasibility of accessing 

different ionization regimes using different wavelengths to exclusively 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 different wavelengths 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 the pulse. 

1.3 Coherent 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 yields42.  The interplay of 

electron system characteristics and laser pulse parameters (intensity, pulse shape, etc.) have 

been known to play an important role 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 coupled to mass spectrometers25, 27-28, 43-45.  In these experiments 

a nonresonant strong 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 optimize the 

desired product ratios. Initial work by Levis et.al. on acetophenone and a series of organic 

polyatomic molecules revealed that the branching ratio between multiple fragments could 
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be enhanced or suppressed depending on the shape of the electric field27.  Similar work on 

amino acid complexes resulted in selective bond cleavage of the acyl-N “peptide bond” 

while preserving more easily displaced bonds28.  Despite 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 optimized pulse shape 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 multiple strong field processes 

has limited the degree of control in polyatomic molecules to a factor of ~2-4 in gas phase 

mass spectrometry experiments25, 27-28, 43-44.  In order to clarify the mechanisms responsible 

for molecular dissociation and to develop new strong field control approaches it is 

imperative to avoid 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 laser pulses 

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 Professor Ahmed Zewail (Nobel Prize in Chemistry, 1999), molecular 

reactions can be investigated on the femtosecond time scale by probing the system with a 

secondary ultrashort laser pulse46.  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 surface47. The 

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



 

10 

 

surface by an ultrashort laser pulse.  The wavepacket dynamics are recorded as a function 

of time delay between the two 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 elucidate bond isomerization48-51, bond dissociation52-

54, investigate the role of conical intersections in wavepacket dynamics37, 55, and to achieve 

coherent control56-57.  

The electronic properties of different halogens have been shown to have a 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 dynamics as a function of metal-

halogen binding properties26.  The dissociation times were fastest if the halogen was large 

and slowest if the ligand was small.  The initial loss of a –CO 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. The first step in many light induced 

biological processes is the ultrafast cis/trans photoisomerization of molecules facilitated by 

nonadiabatic transitions58 and controlling this isomerization event in such molecules is at 

the heart of developing molecular switches59-60. 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 a pump-“push”-

probe scheme61. In such molecules, excitation to the S1 state followed by a broadband probe 

gives rise to torsional relaxation in ~40 ps, signifying relaxation from the ground state 

geometry to the more planar excited state geometry.  However, excitation of the 

wavepacket to a higher lying state, Sn, from the S1 state via a “push” pulse initiates an 
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ultrafast planarization of the oligofluorene that occurs within 100 fs. This process is 

explained in terms of nonadiabatic coupling between Sn and S1 as well as efficient pathways 

that the wavepacket can access to convert electronic energy into vibrations. A weak pump 

followed by ionizing probe technique has been used to follow the time-evolution of ionic 

fragment yields in a variety of molecules to probe the wavepacket dynamics on potential 

energy surfaces that are coupled to dissociative channels62-65. The isomerization of 1,3 

cyclohexadiene was investigated using time-resolved measurement of the parent and 

fragments ion distributions after excitation to the neutral excited A1 state51.  In that study 

an ultraviolet pulse launched a wavepacket on the neutral excited 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 

towards a C-C stretching in the π system and along a symmetric C=C twist, which 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 energetically degenerate and radiationless transitions can occur between the 

intersecting potential energy surfaces37, 55. Theoretical and experimental studies have 

revealed the importance of a conical intersection governing the cis-trans isomerization of 

retinal, the primary chemical event in vision58. Upon 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 from stimulated 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 track wavepacket dynamics and understand strong field dissociation 

mechanisms49, 51, 53, 66-69.  Transient ion signals are curve fitted to extract useful time 

information49, 51 and fourier transformation of oscillatory signals typically reveals the 

involved vibrational modes56, 70. Resonances in the ionic electronic manifold have been 

shown to be responsible for the bond dissociation in halogentated methanes53, 71-72. 

Calculations of the ionic states’ potential energy surfaces were vital to correctly explaining 

the dissociation mechanism. Time-resolved 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 attributed to wavepacket dynamics wherein fragmentation 

occurs whenever the ground state ionic wavepacket encountered a one-photon resonance 

with an excited ionic dissociative state. The probability of population transfer of the 

wavepacket from the bound ionic state 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 dissociation of polyatomic systems70. In strong field pump-probe 

studies of the azobenzene cation, oscillations of the parent and phenyl fragment ion signals 

with probe delay were attributed to twisting of the CNNC phenyl-ring torsional mode and 

calculations suggested that the formation of a wavepacket on the ground state surface 

initiates vibrational motion along the torsional coordinate67.  Wavepacket dynamics have 

also been explored in a series of aromatic ketone molecules using 800 nm pump-probe 

schemes41.  The oscillatory response of the integrated parent ion signals in many of the 

polyatomic molecules suggested a small fraction of 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 other fragments 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 the electronic 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 in a time of flight 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.  The strong field laser pulses are 

generated using an optical parametric amplifier which converts 790 nm radiation to a 

tunable excitation source from 1100 nm – 2800 nm.  The experiments are performed on 

molecular samples with vapor pressures large enough that the sample enters the time of 

flight mass spectrometer as an effusive source. The laser-sample interaction subsequently 

generates parent molecular ions and fragment ions that are mass analyzed using the time 

of flight spectrometer.  Chapter 2 describes the design and capabilities of the ultrafast laser 

source and time of flight spectrometer as well as the construction and operation of the 

optical parametric amplifier.  Furthermore, sample preparation is outlined, pulse 
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characterization is highlighted, and a brief section on some troubleshooting is discussed. 

Chapter 2 concludes with a section on the experimental of the pump-probe 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 theoretical 

calculations which revealed a ~0.9 eV energy spacing between the ground ionic state, D0, 

and the second excited ionic state, D2.  It was determined that adiabatic ionization creates 

a majority of ground state wavepacket, i.e. a launch state, which facilitates the 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 complete dissociation mechanism aided by ab-

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 decreases from para- to meta- to ortho- 

substitution. The positioning of the hydroxy group in the ortho- 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 response of the 

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 dissociation mechanism 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 level of complexity 

by investigating the ground state wavepacket (launch state) dynamics of the acetophenone 

radical cation with time-resolved photodissociation measurements.  A pump pulse centered 

at an infrared wavelength (1270 nm – 1500 nm) adiabatically prepares a 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 dynamics around 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 with the D0-D2 

transition.  Careful consideration of the experimental 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 excitation 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 chosen to systematically 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 torsional 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 easy 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 available wavelength output of 800 nm from a benchtop Ti:Sapphire ultrafast laser 

system.  This has led to advances in nonadiabatic multielectron dynamics1-2, molecular 

dissociation control3-5, and elucidating the role of ionic resonances in molecular 

dissociation.6 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 wavelength7-10.  It was observed that 

electronic transitions in the molecular cations can be accessed with resonant excitation 

wavelengths, which facilitated molecular fragmentation while non-resonant wavelengths 

preserved the parent ion9-11.  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 fragmentation1.   

Advances in nonlinear optics make it possible to produce ultrafast strong field laser 

pulses ranging from the ultraviolet to mid-IR12-13.  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 atoms14-15. Molecular studies have only started to utilize strong field femtosecond 

pulses that encompass a broad spectral range from the ultraviolet to mid-infrared regimes,9, 

16-17 and the demand for experiments to test theoretical predictions of molecular dynamics 

in the near/mid-infrared strong field pulses is ever present16, 18.    

A standard way of generating strong field laser pulses in the infrared region of the 

electromagnetic spectrum is through concepts from non-linear optics, specifically optical 

parametric generation13.   The optical parametric process occurs in a suitable medium 

which has a non-linear response to the incident electric field.   The frequency of the incident 

laser pulse can be converted to different frequencies which are used to ionize molecular 

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 system, the design of the optical 

parametric amplifier (OPA) and its implementation in single pulse and pump-probe 

experiments when coupled to a time of flight mass spectrometer. Pump-probe schemes 

allow us to track the time resolved molecular dynamics and are easily integrated into our 

setup, and will be discussed in the latter 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 (Ti:Al2O3) oscillator. 

(Kapteyn-Murnane Laboratories Inc., Boulder, Co, USA, Model: TS Ti:Sapphire Kit).  The 

Ti:Al2O3 crystal in the oscillator is pumped with 3.65 W of a continuous wave 532 nm 
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Coherent Verdi pump 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 group velocity dispersion19.   The folded configuration of the laser cavity supports 

a coherent superposition of frequencies that generates a 3 nJ pulse where 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 the oscillator 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 amplification of the 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 line. The current stretched laser pulse can now “seed” the 

laser cavity and become amplified. The amplification process is initialized when a second 

Ti:Al2O3 crystal is pumped with a 527 nm, ~15 W, <200 ns, Q-switched (1 kHz) 

neodymium-doped yttrium lithium fluoride (Nd:YLF) pump laser. (Coherent Inc. Model: 

Evolution-30).  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 pulse is injected and makes multiple passes through the Ti:Al2O3 crystal 

which results in amplification of the pulse energy by multiple orders of magnitude,  ~106.  

The temporally stretched amplified pulse is ejected from the cavity and sent to a pulse 

compressor where a pulse duration of ~40 fs is regained. The pulse compressor consists of  
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Figure 2.1. Schematic view 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 horizontal 

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 is depicted in 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 amplification12-13. Optical parametric 

amplification occurs through difference frequency generation that takes places in a suitable 

nonlinear crystal.  The frequency of the input photon, ω1, is converted to two individual 

photons with different frequencies, ω2 and ω3.  In an appropriate nonlinear crystal, the 

conservation of energy is given by equation 2.1:  

ℏ𝜔𝑝𝑢𝑚𝑝 =  ℏ𝜔𝑠𝑖𝑔𝑛𝑎𝑙 + ℏ𝜔𝑖𝑑𝑙𝑒𝑟       (2.1) 

where ħ is Planck’s constant, ωpump is the frequency of the pump photon,  ωsignal  is the 

frequency of the generated signal photon, and ωidler is the frequency of the generated idler. 

An energy level diagram outlines the difference frequency generation mechanism in figure 

2.2. A seed photon at ωsignal 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 crystal. The seed photon stimulates emission of the signal photon ωsignal and the 

remaining energy is conserved resulting in the emission of a secondary photon of 

frequency, ωidler.  The 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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Figure 2.2. Energy level diagram for difference frequency generation.  
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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 nonlinear crystal.  Efficiency 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 seed/signal/idler 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 amplifier is based on the design of Wilson 

and Yakolev12.  Barium borate crystals (Type 2 𝜃=28ᵒ) 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 mm (height, 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 given in 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 

relocated or applied to a different experimental setup. The optical parametric amplifier is 

comprised of three different beam paths: 1) white light path, 2) first arm of amplification, 

and 3) second arm of amplification.  First ~600 𝜇J from the output of the regenerative 

amplifier is directed into the optical parametric amplifier without changing the beam’s 

height or polarization. An 80/20 beamsplitter splits the beam toward the first and second  
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Figure 2.3. Schematic view of the homebuilt parametric amplifier. The output 

generates a tunable signal wavelength from 1150-1550 nm and a tunable idler wavlengh 

from 1580 – 2800 nm. The signal and idler pulses are separated using a polarizer and the 

idler beam energy is directed away from the experimental optics and dumped into a beam 

block. 
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amplification stages where a combined ~80 𝜇J is introduced to the white light path and first 

amplification stage and ~500 𝜇J is reflected into the second amplification stage.  Prior to 

the first amplification stage there is a 95/5 beamsplitter that directs ~70 𝜇J into the first 

amplification stage and ~2 uJ is sent to the white light path of the OPA.   The ~2 𝜇J is 

focused into a sapphire crystal using a f=5 cm lens that generates a white light continuum 

ranging from the visible to infrared wavelengths.  A variable aperture 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.  The 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. The 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. Efficient parametric 

amplification is achieved when both pulses are spatially and temporally overlapped which 

results in a third output beam of varying colors depending on the current phase matching 

conditions. Optimization of the output beam is achieved by adjusting the crystal 

orientation, the delay between the two pulses, and spatial overlap. The optimized output 

from the first stage of amplification results in ~10 𝜇J signal pulse plus idler pulse. The 

signal and idler beams travel collinearly with the pump and white light beams.  A long pass 
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filter (λ>1000 nm) is placed after the first BBO to 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 amplification is identical to the first except it 

directs ~500 𝜇J 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 of the signal and idler beams.  The optimized amplified output is 

~150 𝜇J 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 nm.  The pulses are not additionally 

compressed and pulse durations are tunable from 50-100 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 the mass 

spectrometer using a reflective beam expander placed before the time of flight apparatus.  

The beam expander consists of a convex mirror (f=12.5 cm) and concave mirror (f=50 cm), 

which expands the beam by a factor of 4.  The beam fills the area of a large (d= 3.8 cm) 

focusing lens (f=20 cm), resulting in a focused spot size of ~20-30 𝜇m in the time of flight 

interaction region, which is able to support strong field intensities approaching 1014 W cm-

2. The spot sizes were measured with a beam profiler (Spircon Model: FX-50). 

2.2.3 Single pulse and pump-probe experimental setups 

 Chapters 3 and 4 discuss strong field single pulse experiments and chapter 

5 explores a strong field pump-weak field probe configuration.  Single pulse experiments 
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Figure 2.4. Experimental setup of the pump-probe 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 signal pulse.  
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were either performed with the direct output of the regenerative amplifier or the signal 

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 amplification stages and 

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 pump-probe 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 ~100 𝜇J from the  

regenerative amplifier sent through a computer controlled variable delay stage (Newport 

Model:ESP-100) 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 the direction of the 

stage’s motion specified the pump and probe pulse configuration. A telescope was inserted 

in the path of the 790 nm beam to guarantee mode matching and identical focusing 

conditions compared to the OPA signal beam.  Achieving temporal and spatial overlap in 

the time 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 spectrometer. Both beams are attenuated to low 

enough intensities such that either beam individually doesn’t generate white light in the 

optical blank. The computer controlled stage (Newport Model: LTA-HL, Controller 

Model: ESP-100) is varied and when both pulses are spatially and 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 maximizes the contrast for observing the 

nonlinear response at zero delay.  The nonlinear response is optimized to produce a 

homogeneous white light response.  The flip mirror is removed from the beams’ path and 

the unattenuated beams are focused in the chamber. Xenon gas (Airgas 99.99 %, 25L) is 

effusively introduced 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 temporal 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 with frequency resolved optical gating (FROG)20-21.  FROG is an auto 

correlation technique which references a laser pulse with itself by using the nonlinear 

response in a BBO crystal and figure 2.5 depicts the FROG apparatus. The incoming pulse 

to be characterized is split by a 50/50 beamsplitter and the identical pulses are focused and 

recombined in a BBO crystal.  When both pulses are overlapped spatially and temporally 

a nonlinear response is generated that is detected in a spectrometer.  By measuring the 

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 3.2.2, 2006) 

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 technique with the exception  
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Figure 2.5. Schematic view of second harmonic generation frequency resolved 

optical gating (SHG-FROG).  Pulses from the regenerative amplifier or optical parametric 

amplifier could be redirected into the SHG-FROG for pulse characterization. 
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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 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 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 

50/50 beamsplitter specifically for pulses in the 1000 – 1600 nm range.  Figure 2.6 provides 

the retrieved pulse characteristics for two pulses centered 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 mass spectrometer 

 After the generation of the strong field excitation pulses, the pulse is sent 

through the interaction region of a homebuilt time of flight mass spectrometer where 

ionization of gas phase molecules occurs and detection of the ions is performed. Figure 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 ~10-8 Torr.  An ion gauge (Kurt J. 

Lesker Model: G075-K) 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: MLV-150). The sample 

pressure is kept at ~4.0 x 10-6 Torr 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 would 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 repeated 

until the pressure inside the chamber as indicated by the ion gauge would not change upon   
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Figure 2.7. Schematic view of the time of flight mass spectrometer. 
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opening the leak valve while the sample was still frozen, this usually occurred within three 

freeze thaw steps.   As the laser ionizes the molecule a continuous extraction field is applied 

to the interaction region which facilitates the removal of the cations from the interaction 

region towards the microchannel plate detector assembly.  A 500 μm vertical slit within 

the front plate of the interaction region reduces any volume averaging effects by allowing 

only the ions that were generated in the most intense part of the pulse through.   The 

voltages applied to the back plate and front plate in the ionization region are +3 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 reach the 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 Chevron arrangement differentially biased to –3 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 potential for pressure breaks otherwise known as “leaks” in the mass 

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 1 x 10-8 Torr 

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 inside the mass spectrometer  
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Figure 2.8.  Raw mass spectra of acetophenone and xenon upon strong field 

ionization at 1270 nm.  The intensity of the laser pulse is ~7.5 x 1013
 W cm-2.  The 

abbreviations stand for the following ions: Xe+, xenon ion signal; Xe2+, doubly charge 

xenon; M+, parent molecular ion; M-CH3
+, benzoyl ion; C6H5

+, phenyl ion; COCH3
+, acetyl 

ion. The inset is a magnified view of the isotopes of singly charged xenon. 
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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 leak is present 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, previous 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 but the 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 tape and “baking” the spectrometer. The baking process reaches 

temperatures of ~ 250º C for ~24-48 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 electronic signals 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 of 1000 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 shown in figure 2.8.  The x-axis is in 𝜇s 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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Figure 2.9.  Benzoyl ion signal as a function of pump probe time delay of a single 

benzoyl ion transient (red curve) and five benzoyl ion transients averaged (blue curve).  

The pump pulse was centered at 1270 nm and an intensity of 6 x 1013 W cm-2. The probe 

pulse was centered at 790 nm with an intensity of 2 x 1012 W cm-2.  The red curve was 

shifted on the y-axis to discriminate between the two signals. 
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of the parent ion never exceeded 2 𝜇s.  The cluster of peaks at ~1.7 𝜇s is the xenon ion 

isotopes which are used to help calibrate the intensity.  The inset depicts the xenon isotopes 

and helps visualize the sensitivity 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 pump-probe 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 pump-probe time delay.   The integrated peak area is averaged 

for ~2500 milliseconds or ~200 laser shots.  The value of the 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 the pump-probe experiment 

could be varied but was routinely set from -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 for both single pulse and pump-probe 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 difference between an individual benzoyl ion transient and the averaged benzoyl 

ion transients for the benzoyl ion of the acetophenone radical cation.  Averaging 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 Strong field 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 

experiments22.  Measurement of the xenon ion signal as a function of laser intensity 

generates a well-known characteristic strong field response and acts as an internal laser 

intensity calibrant in this thesis. The ionization probability of xenon and other noble gases 

in the tunnel ionization limit is wavelength independent therefore the laser intensity can be 

accurately measured using the ion response for xenon leaked simultaneously into the time 

of flight mass spectrometer. The linear portion of the xenon strong field response is a result 

of ionization saturation due to spatial volume averaging over the finite dimensions of the 

laser beam. Volume averaging can never be completely eliminated in strong field 

experiments but must be taken into account to interpret strong field results. This portion is 

extrapolated to determine the y-intercept which defines the saturation intensity and in 

xenon is well known, 13.8 [log I (W cm-2)]  (6.3 x 1013 W cm-2) when plotted on a 

logarithmic scale.  By adjusting the strong field response of the xenon ion signal in our 

experiments to the well studied Isat of xenon, an intensity scale can be determined at 

different wavelengths22. Figure 2.10 gives the raw xenon ion signal as a function of 

measured laser intensity at various wavelengths.  Isat at 1300 nm is determined to be about 

13.89 [log I (W cm-2)] which leads to an uncertainty in 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 7.5x10-6 Torr 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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Figure 2.10.  Xenon ion saturation curves at different wavelengths, 1200 nm (𝝤), 

1300 nm (□), and 1400 nm (▲).  The saturation intensity, Isat, of xenon in the literature has 

a value of 13.8 and the measured experimental value of Isat at 1300 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 spectroscopic gas phase technique in the strong field 

regime that reveals a dynamic resonance in the radical cations of alkyl phenyl ketones.   

Recording the mass spectra as a function of excitation wavelength from 790 nm – 1500 nm 

different ionization regimes are accessed. The amount of 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 range in the alkyl phenyl ketones in comparison to 

similar homologues which are not wavelength dependent. The largest ratio observed occurs 

upon excitation with 1370 nm (0.90 eV) which suggests a one photon transition in the 

radical cation. Supporting calculations confirm the existence of a one-photon transition 

from the ground ionic state, D0, to a dissociative excited ionic state, D2, at 0.87 eV and 0.88 

eV, in acetopheone and propiohenone radical cations, respectively.  The torsional motion 

of the molecule around the phenyl-acetyl bond alters the geometry from a planar to 

nonplanar structure within the pulse duration that enables the otherwise forbidden 

transition.  Calculations on the potential energy surfaces of the radical cation suggest a 

radiationless transition precedes dissociation on D0. Upon population transfer to the D2 

surface, the wavepacket motion is directed towards a three state conical intersection 
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(D0/D1/D2) that converts electronic energy to vibrational energy that facilitates production 

of the benzoyl ion.  

3.2 Introduction 
Radical cations (M•+) play an important role in numerous chemical, physical, and 

biological processes. The production of radical cations of DNA nucleobases1 and/or 

carotenoids2 after radiation damage represent important photo-protection mechanisms. The 

radical cation of methyl viologen has been investigated as a means to devise new molecular 

switches3. The detection of ionic liquids’ molecular radical cations via field ionization4 

constitutes a pivotal mark towards unlocking their full chemical and biological potential5-

6. Radical cation intermediates have also been proposed to play an important role in strong 

field control7-8 and for interpreting tomographic imaging of CO2 using high harmonic 

generation9-10.  In order to gain further insight into radical cation dynamics it is imperative 

to determine the electronic structure of the ions.  Measuring the electronic excited states of 

ions is difficult because of the low number density of ground state species that can be 

produced. Ionization methods such as electron impact11 generate 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 are restricted to space charge effects.  An 

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 character12-13.  The spectroscopy and excited-state dynamics of 

radical cations represent a challenging new field of study and the following chapter outlines 

a new method to measure the positions of low lying excited ionic states using frequency-

resolved, strong field, near-infrared 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 experiments14-15 demonstrated that the parent molecular ion of 

polyatomic molecules was preserved using near-infrared (IR) wavelengths centered at 

1450 nm for strong field ionization (~1013 W cm-2), 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 was notevaluated, the lack of fragmentation after near-

IR excitation suggests that less energy is deposited into excited electronic degrees of 

freedom therefore preserving the parent molecular ion. More complex studies which 

simultaneously investigate both the electron and ionic species from the ionization event 

support the notion that multiple ionic states are populated with 800 nm ionization16-17.  

Several studies suggest that resonances in the cation lead to enhanced fragmentation in the 

mass spectra.  Ionization and fragmentation of naphthalene and anthracene revealed 

enhanced fragmentation at 800 nm in comparison with 1400 nm18.  A resonance 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 the enhanced fragmentation in both molecules. 

However, another study attributes the fragmentation in naphthalene and anthracene at 800 

nm to nonadiabatic excitation19.  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 ionization20. A resonance in the 1,4-cyclcohexadiene 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 800 nm20-21. Cationic 

resonances have also been invoked to explain the strong field fragmentation patterns for 
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metal (Ni, Cr, Fe) carbonyl compounds9
. Analysis of photoelectron spectra revealed that 

Ni(CO)4
+ has a resonance at 1350 nm, while Fe(CO)5

+
 has a resonance at 800 nm. The 

observed fragmentation of Ni(CO)4
+ at 1350 nm and Fe(CO)5

+ at 800 nm agrees with the 

hypothesis that a cationic resonance enhances molecular dissociation22.  The ionization and 

fragmentation of alkylphenols with tunable infrared wavelengths was performed to 

investigate the effect of the –OH overtone absorption band on the fragmentation pattern15.  

A lack of enhanced fragmentation at resonant wavelengths suggested excitation into the –

OH overtone band does not contribute to the dissociation mechanism.   

Time resolved experiments have begun to elucidate the role of resonances in the 

radical cation dissociation dynamics of halogenated methanes and larger polyatomic 

molecules7, 23-27. A strong-field 780 nm pump generated radical cations and their dynamics 

were probed using a weak-field pulse at 780 nm.  Ion yields were resolved by mass 

spectrometry and revealed anticorrelated oscillations in the parent and fragment ion 

signals. The oscillations were attributed to fragmentation that occurred whenever the 

ground state ionic wavepacket encountered a one-photon 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 subsequent work, a pump-

control-probe scheme was also investigated as a means to manipulate the halomethane 

wavepacket28. Here, a strong 780 nm pulse launched a wavepacket on the lower ionic 

surface and 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 pump-probe signal and the results were interpreted through a 

photon locking and hole burning mechanism.  Simulations and calculations qualitatively 
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supported wavepacket control on the excited state potential energy surfaces in both 

experiments, in particular, the importance of one-photon ionic resonances for the 

dissociation of the molecule. The dynamics of the excited cationic states of azobenzene 

have been investigated using an intense (~1013 W cm-2) ultrashort (~50 fs) laser pulse to 

prepare the cation followed by a weak field probe pulse27. Photoionization-induced 

twisting of the azobenzene cation CNNC phenyl-ring torsional mode resulted in 

oscillations of the parent and phenyl fragment ion signals. Calculations suggest the 

formation of a wavepacket on a lower cationic surface initiates vibrational motion along 

the reaction coordinate. .  

Calculation of the relevant excited-state potential energy surface (PES) and conical 

intersections is crucial to understanding the photophysics and photochemistry of molecular 

systems29,30. Nuclear and electronic modes may couple when the electronic configuration 

as a function of nuclear motion, thus 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 intersections. At a conical intersection, the energy difference 

between two or more surfaces is zero, and the derivative coupling approaches infinity, 

providing the most efficient way for radiationless transitions between states31,32 . Conical 

intersections play a fundamental role in the interaction of light with molecular systems 

including biological molecules33, proteins34, and DNA macromolecules35. Conical 

intersections have been identified in the isomerization reaction of cyclohexadiene to 1,3,5-

hexatriene36.  Excited state wavepacket on S1 launched by a ultraviolet pump pulse 

proceeds through a conical intersection between S0 and S1 which facilitates the ring 

opening.  Control of the wavepacket in the vicinity of this conical 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. 37 Calculations suggest that the control pulse dresses the S0 and S1 and these dressed 

states can cross with the field free states creating light-induced conical intersections to 

control the ring opening. Additionally, strong-field ionization measurements of the radical 

cation of uracil, supported by theoretical studies,30, 33, 38 suggest that dissociation of the 

molecular ion proceeds in a stepwise manner on the ground electronic surface of the radical 

cation. The ab-initio calculations suggest that a rapid radiationless decay process 

transforms 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, we measure the strong field ionization mass spectra in acetophenone 

and its homologues as a function of infrared excitation wavelength.  Acetophenone has 

been subjected to numerous experimental and theoretical investigations39-41; in particular, 

calculations indicate the possibility for low-lying electronic states42. Photoelectron spectra 

of acetophenone43 report three low-lying 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 the acetyl n orbital 

to form the ground ionic state.  The second and third low lying states correspond to the 

removal of the π orbital localized on the phenyl and the delocalized π orbital that is caused 

by the interaction of the phenyl π orbital and the acetyl π orbital, respectively43.   Here we 

determine whether a one-photon resonance in the ground electronic state of the ion can be 

accessed in the excited state manifold using a strong field excitation pulse.  Mass spectra 

are recorded as a function of laser wavelength, intensity, and pulse duration.  The results 
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are interpreted in the context of high accuracy quantum calculations of the excited 

electronic states of the ion. Furthermore, we investigate a series of acetophenone 

homologues to ascertain the effects of molecular structure on the existence of a dissociative 

resonance in alkyl phenyl ketone radical cations. The mass spectral responses of 

acetophenone and propiophenone interacting with a range of excitation frequencies 

between 1240 nm and 1500 nm and intensities from ~1.0 – 8.0 x 1013 W cm-2 are compared 

with those of acetone and ethylbenzene, which share some, but not all of the same chemical 

functionality as the alkyl phenyl ketones, as shown in figure 3.1.    

3.3 Experimental  

3.3.1 Sample preparation 

Acetophenone (99.7 %), propiophenone (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 flight mass 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 not change 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 at ~100ᵒ C for 
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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 50ᵒ C to ease removal of any residual sample in the mass spectrometer. 

3.3.2 Strong field 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 pulses was used to pump the collinear optical parametric amplifier (OPA) which 

generates an ultrashort signal pulse that is readily tunable between the wavelengths of 1150 

nm - 1550 nm with pulse durations from 50 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 a plano-convex lens, f=20 cm, which allows for intensities 

approaching ~1014 W cm-2 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 each laser power by the simultaneous 

ionization of xenon as described in Chapter 2, with an estimated error in intensity of ±2 x 

1012 W cm-2.   

3.3.3 Pulse characterization 

Pulse durations for the following experiments are 60 fs ± 5 fs or 100 fs ± 5 fs 

across the spectral tuning range as measured by frequency-resolved 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 spectra were measured using a linear 1 meter time-of-flight system operating 

in positive ion mode as described in chapter 2. A 500 m slit was placed between the 
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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 

sample pressure of 3.5 x 10-6 Torr. A second leak valve was used to maintain the xenon 

pressure in the vacuum chamber at 7.5 x10-6 Torr. The laser intensity at each wavelength 

was internally calibrated for each measurement by integrating the Xe+ signal yield. The 

Xe+ signals were fit to ADK calculations for tunnel ionization of a rare gas atom to 

determine the absolute laser intensity44. The background vacuum pressure in the chamber 

was ~1 x 10-8 Torr that was measured continuously by an filament ion gauge throughout 

the experiment. 

3.3.5 Signal processing 

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 averaged spectrum 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 yields, and 

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

3.3.6 Supporting calculations 

 The calculations in this chapter were performed by Maryam Tarazkar under the 

supervision of Dr. Spiridoula Matsika. Electronic structure calculations, ionic surface 

calculations, and oscillator strength calculations between D0 and higher states were carried 

out using the Qchem45 and Gaussian46 series of programs.  A two state (D0/D1) and three 



 

64 

 

state (D0/D1/D2) conical intersection seams were identified using  SA-CASSCF and the 

algorithm47 implemented in GAMESS48.  

3.4 Results and Discussion 

3.4.1 Strong field ionization of acetophenone 

 Mass spectra were measured for acetophenone as a function of excitation 

wavelengths ranging from 790nm - 1500 nm and as a function of laser intensity ranging 

from 8 x 1012 W cm-2 to 8 x 1013 W cm-2. 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 ~130. The laser intensity is 7.0 x 1013 W cm-2. Since there is no 

wavelength dependence for the ionization probability in the limit of tunnel ionization, the 

laser intensity can be accurately measured using the ion response for xenon leaked 

simultaneously into the chamber to calibrate the experimental intensity for each mass 

spectral measurement17. The xenon ion yield is a direct measurement of laser intensity and 

allow mass spectra with equal xenon ion signal to be compared directly. The ions that are 

detected in the mass spectra of acetophenone are the parent molecular ion (m/z=120), 

benzoyl fragment ion (m/z=105), phenyl fragment ion (m/z=77), acetyl fragment ion 

(m/z=43), and methyl fragment 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 are accessing the tunneling regime in the spectral region from 1150 nm -1500 nm, 

we compared the fractional yield of ions with m/z ≤ 77 (normalized to the total ion yield) 

as a function of laser intensity at six excitation wavelengths, shown in figure 3.3. The 
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Figure 3.2. The raw mass spectra of acetophenone with strong field pulses centered at a) 

790 nm, b) 1270 nm, and c) 1430 nm.  The following ions are labelled as: Xe+, xenon; M+, 

parent ion; M-CH3
+, benzoyl ion; C6H5

+, phenyl ion; COCH3
+, acetyl ion, and CH3

+, methyl 

ion. The structures of the fragments are given in the mass spectra at 790 nm. 
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Figure 3.3. Fractional yield of small mass fragment ions as a function of laser intensity and 

excitation wavelength. 
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fractional yield of small fragment ions is approximately twice as high at 790 nm as 

compared to the IR wavelengths, which suggests that multiphoton ionization is the 

dominant mechanism at 790 nm, while tunnel ionization dominates in the IR, in agreement 

with previous strong field polyatomic investigations4.  In the tunnel ionization regime the 

ground electronic state of the radical cation is more likely to be populated, allowing the 

enhanced production of “colder” ions in comparison with multiphoton excitation. The 

wavelength independent behavior of the small mass fragments ion yields, m/z < 77, suggest 

the internal energy of the acetophenone radical cation upon tunnel ionization does not 

depend on the excitation wavelength from 1150 nm to 1500 nm. Therefore, the high parent 

ion yield and lack of fragmentation at the infrared wavelengths supports the formation of 

the ground radical cationic state that can serve as a launch state for spectroscopy in the 

strong field regime if a wavelength tunable excitation source is used. 

 

3.4.2 Mass spectral response of acetophenone in the adiabatic ionization regime 

At a fixed laser intensity and 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 nm to 1500 nm. The integrated ion yields are plotted as a function of excitation 

wavelength in figure 3.4, for laser intensities ranging from 2.1 x 1013 to 8.8 x 1013 W cm-

2.   The signals are normalized to the 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 range (1150 nm - 1320 nm). However, as the wavelengths is tuned towards 1330 

nm, the yield of the benzoyl fragment ion increases and that of the parent decreases 
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considerably.  This behavior continues to increase reaching a maximum in the benzoyl 

fragment and a minimum in the parent ion at the same wavelength, 1370 nm (a photon 

energy of ~0.9 eV). Further increase in the excitation wavelength results in a decrease in 

the benzoyl fragment yield 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 investigated.  The response of the phenyl ion signal in 

figure 3.4 and acetyl and methyl ions (not shown) (measured at a laser intensity of 

6.1x1013W cm-2), reveals that lower mass fragments are not sensitive to this range of 

excitation wavelength.  A similar mass spectral response curve is depicted in figure 3.6(a) 

for the acetophenone radical cation when ionized with 60 fs pulse and an intensity of 6.0 x 

1013W cm-2.  At an excitation wavelength of 1240 nm the acetophenone molecular ion, 

solid red curve, is the most abundant species.  The benzoyl 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 the lower 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 field response of the acetophenone homologues: propiophenone, 

acetone, and ethylbenzene 

 The acetophenone homologues, propiophenone, acetone, and ethylbenzene 

were subjected to strong field ionization in the wavelength range of 1240 nm – 1550 nm. 

Figure 3.5 depicts the mass spectra of the homologues at 1250 nm, 1370 nm, and 1440 nm 

with a 60 fs pulse and an intensity of 6.0 x 1013W cm-2.  The mass spectra of  
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Figure 3.4. Integrated ion signals of acetophenone as a function of excitation wavelength 

and at varying laser intensities. The ion signals are normalized to the maximum benzoyl 

signal at the highest 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 signal (green) is plotted at 6.1 x 1013 W cm-2. The inset magnifies the region 

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 (d) ethylbenzene. 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 ~6.0x1013 W cm-2. 
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Figure 3.6. Normalized, integrated ion signals for parent and daughter ions in alkyl phenyl 

ketones and homologues. (a) The parent ions of acetophenone and propiophenone are 

denoted by the solid red and dashed red lines, respectively. The benzoyl ions of 

acetophenone and propiophenone are denoted by the solid blue and dashed blue lines, 

respectively. The phenyl, acetyl, and methyl ion fragments that originated from 

acetophenone are shown. The ion yields are normalized to that of the respective benzoyl 

ion at 1370 nm. (b) Normalized, integrated ion signals for parent and primary daughter ion 

of ethylbenzene and acetone. The signals are normalized to their respective parent ions at 

1370 nm.  
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acetophenone at identical wavelengths is given as reference.  Propiophenone, containing a 

phenyl ring coupled 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 1013 W cm-2 for the identical wavelengths as 

acetophenone. The 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 the benzoyl 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 ionization. To help elucidate the mass spectral response of 

acetophenone, an identical plot of the ion intensities for the parent and fragments of 

propiophenone in the range of 1240 nm - 1550 nm is shown in figure 3.6(a). At an 

excitation wavelength of 1240 nm, the 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 parent ion signal is minimal at 1370 nm in propiophenone.  

At longer excitation wavelengths >1400 nm, the benzoyl ion and parent ion yields return 

to nearly equal intensity. The low mass ions of propiophenone respond similarly to the 

corresponding acetophenone fragments and are not shown.   

In the case of acetone, the phenyl ring is eliminated in comparison to acetophenone 

and is replaced with a methyl group.  The raw mass spectra of acetone were recorded over 

the same tuning range as acetophenone at similar strong field intensities.  Figure 3.5(c) 

gives the raw mass spectra of acetone at 1250, 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 with tunnel ionization. The integrated parent and 

fragment yields for acetone as a function of excitation wavelength is shown in figure 3.6(b). 

The parent radical cation, dashed red curve, of acetone carries >95% of the ionization yield 

with minimal fragmentation into small quantities of methyl 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 mass spectra of ethylbenzene were recorded over the tuning range of the 

signal pulse at strong field intensities.  Figure 3.5(d) shows 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 function of excitation 

wavelength is shown in figure 3.6(b).  The parent radical cation of ethylbenzene, solid red 

curve, carries ~80% of the ionization yield with additional fragmentation into small 

amounts of ethyl and toluyl ions, solid blue curve.  

3.4.4 Analysis of weak field spectroscopy using a strong field laser pulse 

3.4.4.1 Effect of pulse duration on parent to benzoyl ratio 

We propose that the wavelength resolved strong field response observed in figures 

3.4 and 3.6(a) for the acetophenone radical cation can be attributed to a one-photon 

transition between the ground ionic state to a low lying dissociative ionic state.  
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Examination of the signal response as a function of laser pulse duration test the hypothesis 

that we are performing weak field (linear) spectroscopy of ions using a strong field laser 

pulse. The following model was developed with the help of Professor Dmitri A. Romanov 

that describes the wavelength dependent dissociation of the parent ion (Aλ) to the benzoyl 

fragment (Bλ) as a first order unimolecular decay driven by the absorption of a photon by 

the following equation 3.1; 

     A)()(B tgtI


                             (3.1) 

where σλ is the cross section for excitation to the dissociative state as a function of 

wavelength,  I(t) is the envelope of the laser intensity, g(t) represents the time delay 

between ionization and excitation to the dissociative state.  Integration of equation 3.1 over 

the pulse duration reveals that Bλ≈ σλIAλ, where I is the integrated intensity profile of the 

pulse.  In the vicinity of the resonance, the parent ion is nearly depleted, as seen in the inset 

to figure 3.4, and thus the amount of parent ion at 1370 nm, A1370nm, is much less than the 

amount of parent ion at 1200 nm, A1200nm. We can plot the ratio of benzoyl to parent ratio, 

Bλ/Aλ, 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 Bλ/Aλ is plotted as a function of excitation wavelength for the 100 fs and 60 fs pulses 

at a laser intensity of 6.1 x 1013 W cm-2 in figure 3.7. 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 using 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 



 

75 

 

100 fs pulse.  To help support the notion that the strong field behavior depends on the pulse 

durations, the pulse profiles in figure 3.8 were retrieved and characterized using frequency 

resolved optical gating.  Both pulses are centered at 1370 nm, the 60 fs pulse contains more  

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 pulses have narrower 

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 benzoyl data in figure 3.4 has a full width half maximum of 

~50 meV.  Convolution of the ~30 meV spectral bandwidth determined by the FROG 

measurement in figure 3.8 with 25 meV rovibrational distribution anticipated from the 

Boltzman distribution of the ground state neutral at room temperature corresponds well 

with the resolution of the raw benzoyl data. Similarly the broader spectral bandwidth of 

the 60fs pulse produces a broader full width half maximum of 40 meV in the benzoyl to 

parent ratio in figure 3.7. This correspondence between the pulse spectral 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 comparison to the 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.  

3.4.4.2 Parent to benzoyl ion yield 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 x1013 W cm-2. 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 one-photon 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 data for 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 diagram of the ground ionic and excited ionic states in 

acetophenone calculated at two geometries, the S0 minimum (minimum of the neutral 

ground state) and the D0 minimum (minimum of the ionic ground state). The zero of energy 

is set to the minimum energy of the cation ground state. Ground and excited states for the 

acetophenone ion were calculated at the EOMIP-CCSD/6-311+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 the data provides additional evidence that supports the existence of a one- 

photon transition in the ground state radical cation. At 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 intensity dependence given in equation 3.1 for a first order excitation process.   

3.4.5 Ionic state energies as a function of dihedral angle 

Quantum chemistry calculations were performed by Maryam Tarazkar to interpret 

the resonance feature and the pulse duration dependence of the benzoyl/parent ratio. 

Electronic structure calculations of the radical cation were performed using the EOM-IP-

CCSD/6-311+G(d) method. The 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 with the measured spectral feature that peaks at 0.9 eV in Figure 3.6 for the 

acetophenone data. The excited-state energy diagrams are summarized in figure 3.9. The 

calculations show that the molecule, upon vertical ionization, is initially planar (phenyl-

acetyl dihedral angle, 0ᵒ) and the spacing between the electronic states is very small.  The 

selection rules at this geometry dictate that transitions from the ground D0 state to either 

D1 or D2 states are forbidden. Once the molecule is ionized the acetyl group initiates an out 

of plane torsional rotation with respect to the phenyl ring within the duration of the pulse.  

The phenyl-acetyl dihedral angle of the optimized geometry is 44ᵒ. Torsional motion 

around the phenyl acetyl bond causes the gap between D0 and the higher ionic states to 

increase and transforms the D0 to D2 transition from forbidden to allowed. The oscillator 

strengths for the transitions D0 to D1 and D0 to D2 are 0.002 and 0.046, respectively, at the 
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minimum in the D0 potential energy surface (see cation equilibrium geometry in figure 3.9). 

In the ground ionic state the unpaired electron is on the carbonyl ring while in D2 it is on 

the phenyl group. The dissociation energy of the carbonyl methyl bond has been calculated 

to be 0.82 eV42, thus the photon energy deposited in D2 is sufficient to lead to dissociation.  

The larger ratio of benzoyl to parent ion yield measured with longer duration pulses at 1370 

nm can be understood in terms of torsional motion around the phenyl-acetyl bond. Upon 

ionization the acetyl group will begin to rotate out of plane, thus enhancing the transition 

dipole moment therefore the longer pulse 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 

excitation to the D2 state as the molecule approaches the equilibrium geometry. Excitation 

to the D2 state will ultimately lead to the corresponding enhancement of benzoyl ion signal 

and suppression of parent ion signal. Thus both the signal intensity and ultimate spectral 

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 of 1240 nm - 1550nm to probe the dissociative 

ionization mechanism described in the previous sections. The pulse durations for these 

measurements are kept at 60 fs.  Propiophenone is most chemically similar to acetophenone 

and contains an ethyl group coupled to the 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 cation of 

acetophenone using strong field near infrared radiation reported in the last section,49 the 

wavelength-resolved measurement was repeated on a series of homologous molecules that 

included propiophenone, acetone, and ethylbenzene. The integrated ion intensities of the 

parent and fragment ions are plotted in figures 3.6(a) and 3.6(b) as a function of laser 

excitation wavelength. The similar wavelength dependence of the parent and benzoyl 

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 

one-photon resonance in the alkyl phenyl ketones that leads to benzoyl formation, as 

discussed previously49. Here, we propose ionization and dissociation mechanisms to 

explain the fragmentation processes observed upon excitation with the resonant 

wavelength. 

In the 1240 nm to 1550 nm excitation wavelength range studied here, the molecules 

are proposed to undergo tunnel ionization to populate the ground ionic surface. The ground 

ionic state serves as a launch state for subsequent photochemical reactions. To distinguish 

tunnel ionization from multiphoton ionization in the initial reaction step, the Keldysh 

parameter γ may be utilized. This parameter is defined as the ratio of the laser frequency 

to a characteristic tunneling frequency that depends on the ionization potential and the laser 

field magnitude50. If γ>>1, multiphoton ionization is the dominant mechanism, and if γ<<1, 

field ionization (combination of tunneling and barrier suppression ionization) dominates. 

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 as compared to excitation 
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at 790 nm (in the multiphoton regime) shows the importance of using tunnel ionization to 

produce a large population in the cationic ground state49. 

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 non-zero oscillator strength coupling the two states and that the excited state leads 

to bond cleavage. In the case of acetophenone, dissociation was observed to occur 

exclusively to the benzoyl ion fragment upon excitation from the D0 state to the D2 state49. 

The yield 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 that the excited state 

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 same low-lying excited 

ionic state is involved in the one-photon resonance in both molecules.  

To test whether the benzoyl group is required for the dissociative ionization 

resonance observed in the alkyl phenyl ketones, spectrally-resolved 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(b) remain constant over the entire wavelength tuning 

range, suggesting that there are no low-lying dissociative states for these molecules in 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 that the coupled 

phenyl and carbonyl functional groups are required to create a low-lying dissociative state 
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accessible in the near-infrared region. The fragments observed in acetone and ethylbenzene 

presumably arise from excitation to higher states, with a lower nonlinear excitation cross 

section.  Previous investigations of acetone51 and ethylbenzene52 helped to elucidate the 

dissociation mechanisms of polyatomic molecules in the strong field regime at 800 nm and 

the dissociation distributions of both molecules were explained in terms of field-assisted 

mechanisms. 

3.4.7 Presence of conical intersection in the acetophenone radical cation 

Dissociation is often mediated by nonradiative passage from an excited state to a lower 

energy state53,54,55. Conical intersections facilitate the nonradiative decay and have been 

identified in numerous polyatomic molecules and biologically relevant systems33, 54. 

Therefore calculations of the potential energy surfaces for the D0, D1, and D2 states to locate 

conical intersections that can mediate such nonradiative relaxation were performed by 

Maryam Tarazkar. At the MCSCF/cc-pVDZ level of theory conical intersections are 

revealed near torsional angles of 1º and 22º degrees. Figure 3.12 shows the ground and 

excited-state energies in the acetophenone radical cation versus the geometry changes at 

the S0 minimum, D0 minimum, D0/D1 conical intersection found at 22º, and D0/D1/D2 

conical intersection found at 1º. The wavepacket nonradiatively relaxes into the D0 state 

either directly through the D0/D1/D2 conical intersection, or stepwise through two 

individual two- state conical intersections. The minimum on the D0/D1 seam was located 

at 22º, and the minimum on the D2/D1 seam at 1º leads to the D0/D1/D2 conical intersection. 

The presence of the D0/D1/D2 conical intersection indicates that the D2/D1 and D1/D0 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 to the D2 state and the  
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Figure 3.10. Energy level diagram of the ground ionic and excited ionic states in 

acetophenone as a function of geometry performed by Maryam Tarazkar. The zero of 

energy is set to the energy of the optimized ground state. Conical intersections for the 

D0/D1/D2 and D0/D1 states are shown as well as the equilibrium geometries of the neutral 

and the cation. The red, green, and blue represent the energies of the D0, D1, and D2 states, 

respectively; the yellow denotes that D0 and D1 energies are equal. The curved orange 

arrow denotes tunnel ionization from S0 to D0 and the straight orange arrow denotes a one-

photon transition from D0 to D2. The ground and excited states for the acetophenone ion at 

the conical intersection points, D0/D1/D2 and D0/D1, were calculated at the MCSCF/cc-

pVDZ level of theory while the energies at S0 minimum and D0 minimum are calculated at 

the EOM-IP-CCSD/6-311+G(d) level. 
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radiationless relaxation back to the D0 state. The C-CH3 bond length shortens to 1.50 Å 

for both conical intersection points (D0/D1/D2 and D0/D1). 

3.4.8 Dissociation mechanism of the acetophenone radical cation 

 

We propose the mechanism for the dissociation of the carbonyl-methyl bond in the 

acetophenone radical cation in figure 3.13.  All surfaces were calculated by Maryam 

Tarazkar. Tunnel ionization (step 1) prepares a launch state in D0. Within 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 reaches 44o. This geometry allows for 

the absorption of a 0.9 eV photon which transfers population from the D0 surface to the 

PES of the bright D2 state (step 3). Once the transition is completed the wavepacket travels 

down the D2 potential energy surface (step 4) toward the initial 0o angle of the vertical 

transition state accessed upon tunnel ionization. The wavepacket then proceeds to the 

ground ionic surface at the 1o torsional angle through a conical intersection involving the 

D0, D1, and D2 states through a radiationless decay mechanism (step 5). In the ground ionic 

state, the electronic energy is converted to methyl-carbonyl vibrational energy due to 

anharmonic couplings (step 6).  This kinetic energy can then be used to dissociate the 

cation, as the 0.9 eV of energy absorbed exceeds the 0.82 eV needed to dissociate the 

methyl-carbonyl bond42. The dissociation of the uracil radical cation in strong field 

experiments54, was also consistent with such a radiationless decay mechanism where in the 

excited state electronic energy is converted to vibrational energy on the ground ionic state. 

The red shift in the benzoyl to parent ion ratio in Figure 3.7 with a 60 fs pulse can be 

explained by the above dissociation mechanism.  A 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 3.11  The proposed mechanism of benzoyl formation via tunnel ionization 

and a one-photon absorption. The first panel shows the mechanism along the C-CH3 bond 

length and the second panel depicts the mechanism along the C-CH3 dihedryl angle. The 

figure is numerically 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 one-photon transition to D2. Potential energy surfaces were 

calculated by Maryam Tarazkar. 
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edge of the pulse effectively transfers population to the D2 surface leading to the enhanced 

benzoyl production. The shorter pulse duration will still transfer population to the D2 state 

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 wavepacket doesn’t reach the bright region as effectively 

within the duration of the shorter pulse therefore leading to the smaller 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 at 44ᵒ the nonzero oscillator 

strengths between D0 and D2  and the smaller energy gap between the two states allow the 

transition at shorter wavelengths (smaller photon energy). Quantum chemistry calculations 

performed on the parent molecular ion of propiophenone show the energy gap between the 

ionic ground state D0 and the first bright excited state D1 at the equilibrium geometry is 

0.88 eV. This value is in agreement with measured resonance at 0.9 eV. The calculations 

showed that upon tunnel ionization the molecular ion emerges in the planar neutral 

geometry. The geometry optimization 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 be 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 the near-infrared wavelength 

dependent mass spectral response of the benzoyl fragment and parent ion signal in a pair 

of alkyl phenyl ketones after tunnel ionization.  In contrast, similar homologues show no 

wavelength dependence in their fragmentation patterns.  The dynamic resonance is 

consistent with a one photon 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 a function of laser pulse duration/bandwidth, and the agreement 

with preliminary calculations support this hypothesis. Following population of the ground 

ionic state by tunnel ionization, population transfer to the D2 state occurs if the pulse 

contains resonant photons. Once on the D2 surface the population decays to the D0 surface 

through a three-state conical intersection that leads to dissociation along the C-CH3 bong 

length coordinate. The energy gap for D0-D2 in propiophenone was calculated to be 0.88 

eV, suggesting that the mechanism of dissociation of the propiophenone parent ion is 

similar to that of the acetophenone parent ion. Further experiments into the time-resolved 

dynamics will be useful to elucidate the wavepacket dynamics and 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 series of substituted alkyl phenyl ketones to 

understand how substituent groups effect the dynamic cationic resonance and subsequent 

dissociation dynamics. Mass spectra are measured for 2’-, 3’- and 4’- (ortho, meta and 

para) methyl and 2’-, 3’- and 4’-hydroxyacetophenone excited at wavelengths ranging 

from 1200 nm – 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 methyl substituent is moved from the ortho to meta to 

para position on the phenyl ring with respect to the acetyl group. We find for 2’- and 3’-

hydroxyacetophenone, the mass spectra remained unchanged as a function of excitation 

wavelength and 4’-hydroxyacetophenone exhibited similar behavior at 1370 nm in 

comparison to acetophenone.  These trends are explained in terms of the phenyl-acetyl 

dihedral angle, barriers to internal rotation, and the systems’ moments of inertia. These 

results help elucidate the effects of 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 the properties of a 

molecule through the addition of chemical substituents at particular sites on the molecule1-

3. Drug discovery 4-7, material science 8-11, and other various fields 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 system12-15. Techniques such as carbon-13 nuclear 

magnetic resonance have been used to elucidate the effect substituents have on the 

electrophilicity of the carbonyl carbon 16 in substituted alkyl phenyl ketones and to help 

explain chemical shifts in spectroscopic data that are due to steric hindrance or hydrogen 

bonding 17-18.   

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 couplings, and dissociation dynamics14, 19-26.  In fluoro- and 

methoxy-substituted phenols, the position of the substituent on the phenyl ring was found 

to influence the adiabatic ionization energy and vibrational energy levels19.  Similar 

substitution effects as compared to the fluorophenols were obtained when substituting 

benzene with the isotopes of chlorine27.  Time-resolved experiments and quantum 

calculations for trifluoroacetone and trichloroacetone 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 producing the maximum fragmentation yield20. Time-resolved 

studies of halogenated organometallic compounds CpFe(CO)2X (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 orbitals with the metal center in comparison with those of the larger atoms 

bromine and iodine21. The relative yields of halogen ions from halomethanes (CH2XY, X, 

Y = F, Cl, Br, I) have also been found to increase systematically as a function of halogen 

size upon interaction with families of ultrafast laser pulses with phase shaping using an 

adaptive genetic algorithm23 and varying the polynomial spectral phase22,
 
28.  In these 

studies, the increased halogen ion yields from bromine- and iodine- containing molecules 

were attributed to their lower ionization potentials. The study of hydroxy groups on the 

molecular dissociation of alkylphenols has been studied in the strong field regime ranging 

in excitation wavelength from 800 nm – 1500 nm29.  It was determined that the vibrational 

overtone of the hydroxy group in the wavelength range of 1200 nm – 1500 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 larger polyatomic 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 with a strong field laser pulse (>1013 

W cm-2), the radical cation can be produced via multiphoton and/or tunnel ionization 30-34, 

populating one or more electronic states. To distinguish tunnel from multiphoton 

ionization, the atomic Keldysh parameter γ is commonly utilized35-36 where γ>>1, 
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multiphoton ionization is the dominant mechanism and tunnel ionization dominates if 

γ<<1.  Multiphoton ionization in the strong field regime typically populates a number of 

cation electronic states |e0>, |e1>, |e2>… due to the simultaneous absorption of multiple 

photons, each with energy less than the ionization energy of the system37. These 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 fragmentation32, 38. The difference 

between molecular fragmentation patterns upon multiphoton and tunnel ionization was first 

demonstrated in linear polyenes 34, where 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 intensity of 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 strong field 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, |e0>, with little excess 

vibrational energy.  Reduced molecular fragmentation upon excitation with near-IR 

wavelengths as compared to 800 nm has since been observed in various molecules 

including naphthalene 39, anthracene 40, alkylphenols29 and acetophenone41. Additionally, 

polarization effects on the ionization and fragmentation of gas phase radical cations  have 

been observed in anthracene42
 ,  benzene43, and C60 

44
  with both 800 nm and 1400 nm. The 

fragmentation and electron recollision process could be controlled by varying the 

ellipiticity of the laser field in the case of anthracene and benzene. Enhanced fragmentation 

in C60 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 states of C60
12+ could 

be identified. We propose that the adiabatic ionization mechanism at longer wavelengths 

has important consequences for electronic spectroscopy and coherent control, as the “cold” 

parent molecular ion formed by tunnel ionization can be used as a “launch state” for further 

excitation45 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 radical cation excited states in the dynamics of molecular 

dissociation46-47. Strong-field tunnel ionization/dissociation measurements using 

wavelengths ranging from 1200 nm – 1500 nm have recently been used to probe the low-

lying cationic electronic states of a pair of alkyl phenyl ketones, specifically acetophenone 

and propiophenone46.  It was reported in the chapter 3 that under adiabatic ionization 

conditions, the parent molecular 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 increased 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 response of the homologues ethylbenzene and acetone were featureless46. The 

formation mechanism of the benzoyl fragment upon excitation from D0 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 0 degrees between the phenyl and acetyl moieties. 

Subsequent relaxation of the cation (step 2) increases the phenyl-acetyl dihedral angle to  
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Figure 4.1: The proposed mechanism for the dissociation of the acetophenone 

radical cation 46. The black, red, green, and blue curves correspond to the S0, D0, D1, and 

D2 states respectively. Tunnel ionization (step 1) launches a torsional wavepacket on the 

ground state D0 of the parent molecular ion, which relaxes to its equilibrium geometry (step 

2). At the energy minimum, the wavepacket undergoes a one-photon resonant transition to 

the D2 state (step 3). The wavepacket proceeds down the D2 surface reaching a conical 

intersection (step 4) that converts electronic energy to vibrational energy leading to bond 

dissociation along the C-CH3 bond coordinate (step 5). 
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44 degrees, with the oscillator strength f(D0-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 pulse can excite a resonant transition to the 

D2 state (step 3). The wavepacket then propagates on the D2 surface to a conical intersection 

of the D0, D1, and D2 ionic surfaces at a torsional angle of zero degrees (step 4). The 

nonadiabatic nature of the conical intersection converts the electronic energy in the 

torsional coordinate to vibrational energy in the C-CH3 bond length coordinate leading to 

bond dissociation (step 5). 

In this chapter we investigate fragmentation yields in the family of methyl- and 

hydroxy-substituted alkyl phenyl ketones: 2’-, 3’-, and 4’-methylacetophenone and 2’-, 3’-

, and 4’-hydroxyacetophenone. 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 nm – 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 cationic ground state 

potential energy surfaces along the phenyl-acetyl torsional coordinate. In the case of 

substituted. methylacetophenones, the results are rationalized in terms of the energies and 

phenyl-acetyl dihedral angles in the respective optimized geometries of 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 substituted alkyl phenyl ketones, 2’-methylacetophenone (99%), 3’-

methylacetophenone (99%), 4’-methylacetophenone (99%), 2’-hydroxyacetophenone 

(99%), 3’-hydroxyacetophenone (99%), and 4’-hydroxyacetophenone (99%) were 

obtained from Sigma Aldrich and were not purified further. All of the methyl substituted 

acetophenone isomers and 2’-hydroxyacetophenone were liquids 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 that was 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 seconds to remove 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 in chapter 3. The 3’- and 4’-hydroxyacetophenone 

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 the chamber to perform the experiments, the glass 

sample vial was wrapped in heat tape and heated to ~35ᵒC.  It is possible a small amount 

of sample that was initially heated could condense within the leak valve apparatus therefore 

when changing the samples additional 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 in chapter 2 

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 between the wavelengths of 1150 

nm - 1550 nm with pulse durations from 50 fs - 110 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 plano-convex lens, f=20 cm, which allows for intensities 

approaching ~1014 W cm-2 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 each laser power 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 the 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 meter time-of-flight system operating 

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 10-6 Torr. A second leak valve was used to maintain the xenon 

pressure in the vacuum chamber at 7.5x10-6 Torr. The laser intensity at each wavelength 

was internally calibrated for each measurement by the xenon ion intensity. The Xe+ signals 

were fit to ADK calculations for tunnel ionization of a rare gas atom to determine the 

absolute laser intensity.48 The background vacuum pressure in the chamber was 1.0 x 10-8 

Torr. 

4.3.5 Signal processing 

The averaged mass spectra captured 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 averaged spectrum 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 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 package 49 by Maryam Tarazkar. Electronic 

structure calculations for hydroxy substituted acetophenone using density functional theory 

(DFT) were performed using the Gaussian09 program package50 by Kristen Munkerup and 

the same level of theory was employed to calculate the ground state potential energy 

surfaces of the 2’-, 3’-, and 4’-hydroxyacetophenone radical cations as a function of the 

angle of the phenyl-acetyl torsional coordinate.  
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4.4 Results and discussion 

4.4.1 Strong Field Ionization of 2’-methylacetophenone with 790 nm and 

infrared wavelengths 

In order to determine if different ionization regimes are being accessed at different 

wavelengths it is important to measure the molecule’s raw mass spectra and help quantify 

the amount of fragmentation that is observed. The upper panel of figure 4.2 shows the mass 

spectra of 2’-methylacetophenone ionized with 790 nm (top, red) and 1240 nm (bottom, 

blue) at a laser intensity of 5 x 1013 W cm-2, with associated Keldysh parameters 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 reduced yield 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 compared to 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 methyl-substituted 

acetophenone molecules has revealed fragmentation patterns characteristic of a 

multiphoton ionization mechanism37.  It should be noted that this study used laser 

intensities of ~1014 W cm-2, corresponding to a Keldysh value of 0.88, which should lead 

to more tunnel ionization however a high degree of fragmentation 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 spectra of 2-methylacetophenone.at a laser intensity is 5 x 1013 

W cm-2. (b) The yield of small fragments ions, m/z < 91, as a function of laser intensity 

and excitation wavelength.  
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Figure 4.3. Mass spectra of 2’-hydroxyacetophenone ((a) and (d), red), 3’-

hydroxyacetophenone ((b) and (e), green) and 4’-hydroxyacetophenone ((c) and (f), blue) 

using an excitation wavelength of 1200 nm (a), (b) and (c) and 1370 nm (d), (e) and (f).  

The laser intensity was 5.5 x 1013 W cm-2 and the pulse duration was 65 fs. 
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small mass fragments (m/z ≤ 91) as a function of laser intensity at various wavelengths for 

2’-methylacetophenone. At all infrared wavelengths, the yield of small mass fragments is 

much less than at 790 nm. The low degree of fragmentation and the corresponding 

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 mass spectra and intensity dependence of hydroxy alkyl phenyl ketones 

upon adiabatic ionization 

Figure 4.3 shows the mass spectra of 2’-, 3’-, and 4’-hydroxyacetophenone upon 

ionization with 65 fs pulses at 1200 nm (a)-(c) and 1370 nm (d)-(f) at an intensity of 5.5 x 

1013 W cm-2. 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. Ionizing these molecules with 790 nm was found to produce significantly 

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 acetophenone in figure 4.3(a).  At 

1370 nm excitation, the parent molecular ion is still the major peak in the mass spectra of 

2’- and 3’-hydroxyacetophenone.   In contrast, the benzoyl ion is the largest peak in the 

mass spectrum of 4’-hydroxyacetophenone excited with 1370 nm, while the parent ion 

yield is reduced. The behavior of 4’-hydroxyacetophenone is consistent with that of 

acetophenone and its methyl derivatives46, 51, where the benzoyl formation is attributed to 

a one-photon excitation from the ground cationic state D0 to the second cationic excited 

state D2. The lack of a resonant feature at any wavelenght for 2’- and 3’- 
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Figure 4.4. Ion yield of parent molecular ion (red) and benzoyl ion (blue) for 2’-

hydroxyacetophenone (solid) and 4’-hydroxyacetophenone (dashed) as a function of laser 

intensity at 1260 nm.  The benzoyl ion from the 2’-hydroxyacetophenone is magnified 5 

times. The pulse duration was 65 fs.  
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Figure 4.5. The mass spectral response of the benzoyl (blue) and paren (red) ions 

as a function of excitation wavelength for (a) 2’-, (b) 3’- and (c) 4’-methylacetophenone. 

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 intensity for all scans was 5 

x 1013 W cm-2. 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. For all hydroxy 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, as shown in figure 4.4 for 2’-

hydroxyacetophenone and 4’-hydroxyacetophenone using excitation at 1260 nm; the 3’-

hydroxyacetophenone isomer exhibited similar behavior. 

4.4.3 Mass spectral response of methylacetophenone isomers in the adiabatic 

regime 

To help elucidate the effects of substitution on 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 

wavelength are plotted for 2’-, 3’-, and 4’-methylacetophenone in figure 4.5 at a laser 

intensity of ~5 x 1013 W cm-2. The ion yields are not sensitive to the excitation wavelength 

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 parent ion yields 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 molecules acetophenone and 

propiophenone 46, the frequency dependent fragmentation suggests the 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 that methyl substitution on the  
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Figure 4.6. The mass spectral response for 2’- (a), 3’-(b), and 4’- (c) 

hydroxyacetophenone. All ion yields are normalized to the largest peak in their respective 

mass spectra at 1370 nm. The laser intensity and pulse duration are maintained at ~5.5 x 

1013
 W cm-2 and 65 fs, respectively, across the tuning range. The error bars at 1240 nm in 

(c) reflect the measured error in the ion yields of the hydroxyacetophenone isomers.  
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Figure 4.7:Mass spectral response of the small fragment ions of 2’-hydroxyacetophenone 

at m/z = 15 (methyl; magenta), 43 (acetyl; cyan), and 94 (hydroxyphenyl; green) amu.  The 

signals are normalized to the parent ion (red) and magnified. The intensity of the pulse is 

5.5 x 1013 W cm-2 and pulse duration was 65 fs. 
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phenyl ring does not affect the energy spacing of the low-lying 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 changes position 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 finally a factor of 5 for 2’-, 3’-, and 4’-methylacetophenone, respectively.  The 

width of the features is approximately the 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 between 1200 nm – 1500 nm are plotted in figure 4.6 for (a) 2’-, (b) 

3’- and (c) 4’-hydroxyacetophenone at a laser intensity of ~5.5 x 1013
 W cm-2 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 mass ions is consistent 

with previous experiments on acetophenone41. The ion yields of the parent and benzoyl 

ions for 2’- and 3’-hydroxyacetophenone are insenstive to the excitation wavelength 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 

that the parent and benzoyl ion yields of 4’-hydroxyacetophenone have a similar 

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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Figure 4.8. The mass spectral response of the parent ions of  2’-,  3’- and  4’-

methylacetophenone corresponding to the blue, red, and green curves respectively. Each 

plot is normalized to their respective benzoyl ion yield at 1370 nm. The vertical dashed 

line shows the position of the ionic resonance centered at 1370 nm. 
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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 and benzoyl signals return to similar yeilds as 

compared to their yields at the shortere wavelengths. The similarity of the fragmentation 

yield versus excitation wavelength for 4’-hydroxyacetophenone as compared to 

acetophenone suggests that the photodissociation mechanism 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 mass spectral 

response41 and the mass spectral responses in figure 4.2 of the methyl substituted 

acetophenone radical cations, we can attempt to apply the dissociation mechanism of the 

acetophenone radical cation52 to explain the photodissociation of methyl substituted 

acetophenone molecules. The parent ion results from figure 4.5 are superimposed 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 from ortho to meta to 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 a 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 restrictions 46. In the case 

of acetophenone, the minimum energy on the D0 surface is reached at a dihedral angle of 

44 degrees, so the initial ionization event results in the launching of a wavepacket along 

the torsional coordinate towards the energy minimum 41. As the acetyl group rotates out of 
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plane, the oscillator strength between the ground state D0 and the excited state D2 becomes 

nonzero, which allows D2 to be populated via one-photon transition.  This excitation occurs 

on the trailing edge of the excitation pulse at the optimal geometry. Excitation to the D2 

state ultimately results in passage through a conical intersection, leading to depletion of the 

parent ion and enhanced formation of benzoyl product 46, as illustrated in figure 4.1. A 

time-resolved wavepacket dynamics calculation reveals that the torsional period is 

approximately 650 fs and the optimal radical cation geometry of 44 degrees is reached in 

~200 fs45.  This timescale 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 parent ion depletion in 2’-methylacetophenone can be attributed to its 

radical cation having two ground state geometries corresponding to energy 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 figure 4.9. For 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 from the ortho methyl group53 and 

the carbonyl oxygen, as indicated by the dotted blue line. This interaction arises in 

geometry (a), where the distance between the methyl hydrogen and carbonyl oxygen is 

only 2.1 Å, while the longer distances in (b) and (c) suggest that the strength of the 

interaction is negligible at these geometries.  Similarly, in 2’-methylacetophenone the  
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Table 4.1 

 2’-

methyl-

acetophenone  

(a) 

2’-

methyl-

acetophenone 

(b) 

3’-

methyl-

acetophenone 

4’-

methyl-

acetophenone 

IPexp (eV) 9.15 9.15 9.14 9.12 

IPcalc (eV) 8.88 8.88 8.91 8.91 

Eneut-opt (eV) 0.15 0.19 0.24 0.25 

Phenyl-acetyl 

dihedral angle (°) 

7 63 35 43 

 

Bond 

dissociation energy 

(eV)  

                        0.78  0.94 

 

0.83 

Oscillator 

Strength 

        0.0009                

0.0388                                  

         

0.0247                               

      

0.0357 

 

Energy and geometry values of the methylacetophenone isomers. Energies and angles of 

the radical cations of 2’-, 3’- and 4’-methylacetophenone: experimental vertical ionization 

potentials (IPexp) 
54, calculated values of vertical ionization potentials (IPcalc), the energy 

difference between the neutral geometry and the optimized geometry on the cationic 

ground state surface (Eneut-opt),the dihedral angle in the optimized radical cations, the M-

CH3 bond dissociation energies55, and the calculated oscillator strengths for the D0-D2 

transition. 2’-methyl-acetophenone has two 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 : Calculated geometries of 2’-methylacetophenone performed by 

Maryam Tarazkar. Distance 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 torsional coordinate following 

ionization which suppresses excitation to the D2 state because the molecule is less likely to 

reach the geometry with a large transition dipole moment that promotes the one-photon 

excitation within the duration of the excitation pulse. Slower motion of the torsional 

wavepacket in 2’-methylacetophenone as compared to the 3’ and 4’ isomers is also 

expected based on the difference between the energy of the vertical geometry and 

theoptimized geometry of the radical cation (Eneut-opt).  The addition 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.  Eneut-opt increases as the position of the methyl 

changes from ortho to meta to para. The larger values of Eneut-opt for 3’- and 4’-

methylacetophenone are similar to that of acetophenone45, suggesting that the torsional 

wavepacket in these isomers gains kinetic energy more quickly than ortho isomer, allowing 

these molecules to access the bright geometry earlier within the excitation pulse duration. 

In contrast, the energy difference between the vertical ionization and optimized geometry 

energies in 2’-methylacetophenone 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 of the excitation pulse.   
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Figure 4.10. A schematic of the torsional motion around the phenyl acetyl bond in 

acetophenone. The reduced moment interia is calculated using the moment of inertia’s for 

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

inertia 

The amount of benzoyl production and parent depletion is also expected to depend 

on the oscillator strengths between D0 and D2.  The oscillator strengths at the optimized 

geometries increase as the methyl substitution changes from ortho(7 degrees) to meta to 

para. The larger oscillator strengths for 3’- and 4’-methylacetophenone suggests a stronger 

coupling between D0 and D2, resulting in more parent ion depletion and contributing to the 

deeper lineshapes in figure 4.8. Finally, the enhanced depletion of the parent ion in 4’-

methylacetophenone as compared to 3’-methylacetophenone can be explained in terms 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(phenyl)-C(acetyl) bond (dashed 

line). Thus, when the methyl group is in the 2’ or 3’ position, the moment of inertia is 

significantly larger because the methyl group is not on the rotational axis. The larger 

moment of inertia for the 2’ and 3’ isomers slows the rotation as compared to when the 

methyl group is in the 4’ position. Note that the moment of inertia for the 4’ isomer is 

nearly the same as that for acetophenone. The similar moment of inertia in 4’- 

methylacetophenone explains why its spectral response is practically identical to that of 

acetophenone when using a 60 fs pulse41. In contrast, the slower rotation of 3’-

methylacetophenone decreases the portion of the wavepacket accessing the bright region 

within the duration of the pulse, resulting in less depletion of the parent molecular ion. 
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Figure 4.11: Mass spectral response of 2’- and 4’-hydroxyacetophenone for (a) 110 fs and 

(b) 65 fs pulses.  The magenta and red curves correspond to the parent molecular ion in 

2’- and 4’-hydroxyacetophenone, respectively, while the cyan and blue curves correspond 

to the benzoyl ion in 2’- and 4’-hydroxyacetophenone, respectively. All spectra are 

normalized to the largest peak in their mass spectra at 1370 nm. 
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4.4.6 Analysis of the strong field ionization of hydroxy substituted  

 

acetophenone 

 

4.4.6.1 Effect of pulse duration on mass spectral response in 2’- and 4’-

hydroxyacetophenone 

 In order to determine 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’- and 4’-hydroxyacetophenone using a pulse duration of 110 fs with a peak intensity of 

5.5 x 1013
 W cm-2. 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 spectral responses for the 

two molecules with 110 fs and 65 fs pulses are shown in figures 4.11(a) and (b), 

respectively. The parent and benzoyl ion yields for 2’-hydroxyacetophenone are  

independent of excitation wavelength for longer pulse duration. In the case 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 with previous 

measurements reported for acetophenone41. 

4.4.6.2 Dissociation mechanism for acetophenone and its derivatives: 

revisited  
 The mechanism of parent ion depletion by one-photon absorption upon 

1370 nm excitation in the acetophenone radical cation was interpreted using quantum 

chemical calculations performed at the MCSCF/cc-pVDZ level of theory46. 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 molecular ion in the neutral geometry (structure A) and launches a torsional 

wavepacket on the ground state D0 of the parent molecular ion (step 2), as indicated by the 

curved arrow around the phenyl-acetyl bond in structure A. At the energy minimum, the 

molecule has the geometry of structure B and the oscillator strength coupling D0 to the D2 

surface is nonzero (0.046 in acetophenone), allowing the system to undergo a one-photon 

resonant transition to the D2 surface (step 3). The wavepacket proceeds down the D2 surface 

towards a conical intersection (step 4), which converts electronic energy to vibrational 

energy leading to dissociation along the C-CH3 bond coordinate (step 5), to form structure 

C. 

 Figures 4.2 and 4.6 reveal that the benzoyl fragment is the principal dissociation 

product for all hydroxy acetophenone isomers. In agreement with previous measurements 

for acetophenone46, the dissociation yield increases for 4’-hydroxyacetophenone when the 

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 benzoyl fragment ions 

increase linearly with peak intensity at 1260 nm, which is consistent with operating beyond 

the saturation intensity48. The linear dependence of the ratio of these ions in 4’-

hydroxyacetophenone upon excitation in the adiabatic regime is consistent with 

measurements on acetophenone46 and supports the mechanism shown in figure 4.12.  We 

have previously proposed that the time allowed for rotation about the phenyl-carbonyl 

torsional bond correlates to the amount of dissociation observed46. Thus, the dissociation 

yield should be proportional to the duration of the laser pulse as seen in the pulse duration 

dependence of 4’-hydroxyacetophenone in figure 4.11 . In this scenario, the peak of the  
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Figure 4.12: Proposed mechanism for the dissociation of the radical cations of 

acetophenone and its derivatives. The black, red, green, and blue curves correspond to the 

S0, D0, D1 and D2 states, respectively, of the acetophenone potential energy curves. 

Structures A, B, and C for 4’-hydroxyacetophenone denote the neutral geometry, optimized 

ion geometry, and fragmentation products, respectively. 
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laser pulse will tunnel ionize the molecule, inducing the wavepacket to propagate along the 

torsional coordinate toward thebright region on the D0 surface. The latter portion of the 

pulse excites the system from the D0 surface to the D2 surface, 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 hydroxy 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 spectral response of 4’-hydroxyacetophenone is similar to acetophenone46, with an 

apparent dissociative resonance at 1370 nm producing the benzoyl fragment ion. The 

presence of the dissociative resonance suggests a mechanism similar to that shown in figure 

4.12 proposed for acetophenone46 and its methyl-substituted derivatives.51 The lack of a 

feature in the mass spectral responses of 2’- and 3’-hydroxyacetophenone as a function of 

excitation wavelength shown in figure 4.6 suggest that these isomers do not undergo the 

mechanism shown in figure 12.  

4.6.3 Calculated geometries and ground ionic state potential energy surfaces of 2’- 

3’-, and 4’-hydroxyacetophenone 

 In order to explain the lack of observed resonance in the 2’- and 3’- 

hydroxyacetophenone isomers, the neutral and optimized radical cation geometries of the 

hydroxyacetophenone isomers were calculated at the B3LYP/6-311++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 performed by Maryam Tarazkar and Kristen  
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Table 4.2 

 2’-

hydroxy-

acetophenone 

3’-

hydroxy- 

acetophenone 

4’-

hydroxy-

acetophenone 

acetophe

none 

IPexp (eV) N/A 8.67 8.70 9.28 

IPcalc (eV) 8.59 8.74 8.72 9.32 

Eneut-opt 

(eV) 

0.22 0.22 0.26 0.31 

D(OH)neut-

opt (Å) 

0.047 0.010 0.007 N/A 

phenyl-

acetyl dihedral 

angle (°) 

0 5 35 44 

reduced 

moment of inertia 

(a.u.) 

128.65 

 

127.07 112.42 

 

111.46 

 

Energy and geometry values of the hydroxyacetophenone isomers. Energies, angles, and 

bond lengths of the radical cations of 2’-, 3’- and 4’-hydroxyacetophenone: experimental 

vertical ionization potentials (IPexp)
54 56 57, calculated values of vertical ionization 

potentials (IPcalc), the energy difference (Eneut-opt) and change in O-H bond length 

(D(OH)neut-opt) 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 EOM-IP-CCSD/6-311+G(d) level of theory by Maryam Tarazkar and Kristen 

Munkerup.46 
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Figure 4.13. The ground ionic potential energy surfaces as a function of phenyl-acetyl 

dihedral angle for 2’-, 3’-, and 4’-hydroxyacetophenone, (a-c), respectively. The respective 

optimized geometries for each molecule are included with the black arrow pointing toward 

the optimized phenyl-acetyl dihedral angle. The surfaces were calculated at the B3LYP/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 calculated ionization potentials, the difference in vertical and optimized 

energy, the difference in O-H bond length for vertical and optimized geometries, adiabatic 

torsional angles, and reduced moments of inertia. For reference, the values for 

unsubstituted acetophenone are shown as well. The significant change in length of the O-

H bond between the neutral and optimized geometries in 2’-hydroxyacetophenone of 0.047 

Angstrom shown in table 4.2 suggests that increased hydrogen bonding between the 

hydroxy hydrogen and carbonyl oxygen at the optimized geometry restricts the phenyl-

acetyl dihedral angle to 0 degrees. Figure 4.13 shows the calculated cationic ground state 

potential energy surfaces as a function of torsional angle and optimized cationic geometries 

of each isomer. Figure 13(a) shows that in 2’-hydroxyacetophenone, a large barrier of 700 

meV due to the hydrogen bonding interaction prevents torsional motion along the phenyl-

acetyl dihedral angle coordinate. This barrier limits access to geometries where the D0 to 

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 surface. Thus, the combination of tunnel ionization and a 

large potential energy barrier to access a bright geometry explains why no enhanced 

dissociation to the benzoyl ion is observed in 2’-hydroxyacetophenone.  Further support of 

intramolecular hydrogen bonding in radical cations was observed in 2’-methoxy- and 2’-

flouro- phenol with mass analyzed threshold ionization spectrscopy19.  The ortho- group 

positioning of the substituent group produced a more rigid cation geometry as compared to 

the neutral excited state geometry as determined by the larger frequencies of the in-plane 

ring modes for the ion as compared to the neutral which corresponds to intramolecular 
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hydrogen bonding. In the case of 3’-hydroxyacetophenone, calculations reveal that the 

geometry optimization beginning from coordinates of the neutral geometry converges to 

the local minimum at a 5˚ dihedral angle instead of its global minimum at 150˚ shown in 

figure 4.13(b). We propose that the lack of enhanced dissociation at 1370 nm indicates that 

the transition to the dissociative excited state is not accessed. The barrier to rotation is 120 

meV after vertical excitation of 3’-hydroxyacetophenone. As with the 2’ isomer, this 

rotational barrier is evidently higher than any excess vibrational energy imparted during 

tunnel ionization.  

 The similarities in the excitation wavelength mass spectral responses of 4’-

hydroxyacetophenone and acetophenone are presumably due to similar potential energy 

surfaces46, which allow the dissociation process shown in figure 4.12 to take place. Both 

molecules exhibit no barrier to torsional motion when starting from the neutral geometry 

with a zero degree dihedral angle. The global minimum of the 4’-hydroxyacetophenone 

surface at 35 degrees is not far from the global minimum of the acetophenone surface at 44 

degrees. The one-photon transition between the cationic ground and excited states is 

symmetry forbidden at a 0 degree dihedral angle in acetophenone and increases to 0.046 at 

44 degrees46. The dissociative resonance in 4’-hydroxyacetophenone at 1370 nm suggests 

that the oscillator strength as a function of dihedral angle is similar to that of acetophenone.  

The existence of a rotational barrier in 3’ hydroxyacetophenone, but not in 4’-

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 calculated at the B3LYP/6-311++G(d,p) level 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 denotes a high electron density (i.e., the positive test charge 

experiences an attractive potential) and a positive value denotes low electron density (i.e., 

the test charge is repelled)58. Figures 4.14(a) and (b) show the mapped electrostatic 

potentials for the neutrals, ions, and differences between them for 3’- and 4’-

hydroxyacetophenone, respectively, with positive electrostatic potential (blue) denoting 

electron deficient regions and negative electrostatic potential (red) denoting electron rich 

regions. The difference 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 structures in figures 4.14(c) and (d) for 3’- and 4’-hydroxyacetophenone, 

respectively. The local energy minimum at the (nearly) planar geometry in 3’-

hydroxyacetophone appears to arise from electron donation by hydroxy group through the 

electron-deficient 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 analogous resonance forms of 4’-hydroxyacetophenone in figure 4.14(d) do 

not result in electron delocalization through the acetyl group, so no rotational barrier is 

expected to arise. The enhanced dissociation yield in 4’-hydroxyacetophenone at a longer 

pulse duration is consistent with previous results for acetophenone46. Results of time-

resolved pump-probe indicate that the period of torsional motion is approximately 650 fs, 

and associated classical wavepacket trajectory calculations59 based 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)) and resonance forms ((c), 

(d)) contributing to the radical cations of (a), (c) 3’-hydroxyacetophenone and (b), (d) 4’-

hydroxyacetophenone. Electrostatic potentials (Hartree) for the neutral, ion (upon vertical 

ionization) and difference between them are mapped on a 0.005 e-/Bohr3 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. The calculations were performed by Maraym Tarazkar. 
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angle of 44 degrees is reached after ~220 fs. For 4’-hydroxyacetophenone, wavepacket 

trajectory calculations59 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 optimized ionic geometry following tunnel 

ionization in acetophenone and 4’-hydroxyacetophenone explains their analogous mass 

spectral responses to changes in pulse duration. Decreasing the pulse duration from 110 fs 

to 65 fs diminishes yield of the benzoyl fragment by a factor of ~3 at an excitation 

wavelength of 1370nm for 4’-hydroxyacetophenone, which is comparable to the factor of 

~4 decrease observed for acetophenone46. As discussed above, the longer pulse duration is 

expected to more efficiently couple the D0 and D2 surfaces since the latter part of the pulse 

has more temporal overlap with the wavepacket approaching the bright region on the D0 

surface after ~200 fs. Although the 65 fs pulse does overlap with the wavepacket in the 

bright region, the shorter temporal overlap results in less of the wavepacket reaching the 

bright region coupling the D0 and D2 surfaces.    

4.5 Conclusions 

 The wavelength dependent mass spectral response of methyl substituted 

acetophenone derivatives was found to be similar to that of acetophenone and 

propiophenone, indicating the presence of a resonance between the D0 launch state and the 

dissociative D2 state of the radical cation. The similarity of the resonance position indicates 

that methyl substitution does not significantly alter the energies of the low-lying 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 increases from ortho to meta to 

para. Calculations of the dihedral angles 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 in the ortho isomer that limits torsional 

motion which hinders access to the bright geometry. In addition, the meta isomer has a 

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

to the bright geometry. In the case of substituted hydroxy acetophenones, the dynamic 

resonance at 1370 nm was only observed in 4’-hydroxyacetophenone within our tuning 

range.  Furthermore, the fragmentation yield as a function of pulse duration for 4’-

hydroxyacetophenone revealed that a longer pulse interacts with the wavepacket on the D0 

surface for more time than a shorter pulse, thus providing a route to control the amount of 

the benzoyl ion yield. The lack of wavelength-dependent dissociation in 2’- and 3’-

hydroxyacetophenone is attributed to large barriers to rotation about the torsional mode on 

the ground state 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 

electronically 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 APPLICATIONS 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 cation of acetophenone and its derivatives. In the proposed 

mechanism, wavepacket motion along the phenyl-acetyl torsional coordinate enables a one 

photon transition among the ground and second ionic states, D0 and D2, respectively.  In 

the final chapter of this thesis, we apply ultrafast pump-probe 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 state 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 peak-to-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 

D0 is excited to the second ionic surface D2 by the probe pulse at a delay of 325 fs. 

Subsequent motion on the D2 surface 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 to the D2 state within the 
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duration of a 1370 nm pump pulse eliminates the wavepacket on the D0 state, resulting in 

the transient yields resembling those from nonadiabatic excitation at 790 nm.  A probe 

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 D0 and D1/D2 surfaces during the ionization event. Higher order 

excitation by a more intense probe pulse can transfer population from the D1/D2 states to 

higher lying states, D3/4/5, which lead to the formation of the phenyl and smaller mass 

fragments. Additionally the ground state wavepacket dynamics of the acetophenone radical 

are controlled by changing the para- substitutient group on the phenyl ring.  A unique case 

is observed for the 4’-trifluoromethyl acetophenone case wherein extended coherence of 

the parent transient results from the constructive interference of two different torsional 

modes.  

5.2 Introduction 

While strong field ionization has revealed many novel phenomena including high 

harmonic generation1-2 and nonadiabatic multielectron excitation3-5, the preparation of a 

well-defined initial state with respect to nuclear modes in polyatomic molecules is 

problematic due to competing dissociation processes. In the semi-classical picture of 

strong-field ionization6  the interplay of the laser period and the electronic period controls 

the degree of energy transfer from 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 nuclear coordinates7.  In the atomic model, the ionization mechanism is determined by 

the Keldysh adiabaticity parameter γ,  where γ < 1 implies tunnel ionization and γ > 1 

file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_1
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_3
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_6
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_7


 

147 

 

implies multiphoton ionization8.  The Keldysh notation is frequently extended to molecular 

ionization9-11 however the ionization process in polyatomic molecules has been shown to 

deviate from the atomic ionization models12-13. 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 freedom3.  

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 field regime was first accomplished using closed-loop coherent control schemes 

with 800 nm excitation14-16.  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 

organometallics15, dipeptides17, alkyl ketones14, 18, and halogenated alkanes19-20.   Despite 

the ability of strong field, closed-loop schemes to control 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 schemes16, 21-23  have also been employed to reveal insight into the 

physical mechanisms of strong field dissociation however these methods can be 

experimentally labor intensive and usually require identification of systematic trends20 

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 typically populates multiple electronic states of the radical cation 

through nonadiabatic ionization4 and typically limits the achievable dynamic range to a 

factor of ~2-4 14, 24-25.  Recently, preparation of multiple electronic states in the molecular 

cation upon strong field ionization with 800 nm pulses has been explored in 

hydrocarbons26-27 and halogenated methanes27-28 using photoelectron photoion coincidence 

spectroscopy.  Differences in the coincident photoelectron spectra of the parent and 

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 gap, ∆E, between the ground electronic state 

and excited electronic state in the radical cation played an important role in preparing the 

molecular radical cation27.  In general, direct ionization to higher lying cationic states was 

observed if ∆E<hν and suppressed if ∆E>hν.   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 from the time-

resolved measurements on azobenzene29, acetophenone11, 30, halomethanes25, 31, 

halogentated ketones18, 32, and bromochloroalkanes19.  Similar dissociation mechanisms 

involving the torsional mode of azobenzene29 and acetophenone11, 30 were proposed by 

performing strong field photoionization photofragmentation pump probe experiments.  

Ionization to the ground ionic state in both molecules initiated torsional motion. In the 

azobenzene experiments,  an intense (~1013 W cm-2) ultrashort (~50 fs) laser pulse was 

used to prepare the cation followed by a weak field probe pulse29.  Photoionization-induced 
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twisting of the azobenzene cation CNNC phenyl-ring 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 

antiphase 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 a one-photon 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 bromochloroalkanes19, the control achieved via genetic algorithms was 

attributed to ionic resonances in the radical cation as revealed by one-color pump probe 

experiments.  Anitcorrelated behavior in the parent and fragment yield supported a 

dissociation mechanism similar to 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 measurements indicate direct ionization to higher lying states from multiple 

orbitals28.  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 in the strong-field regime coupled 

to mass spectrometric detection33. This prediction has been borne out in dissociation 

measurements as a function of excitation wavelength in multiple molecular families4, 34-36. 

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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surface of the ion, which passes through a three state conical intersection. The resulting 

excess vibrational energy initiates dissociation33-35. These experiments show that such 

dissociative processes can be avoided by initially 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 ionization by selectively preparing a single ground “launch” state33.  

To test our hypothesis that adiabatic ionization selectively produces ground-state ions and 

extend the limits of strong field coherent control, we investigate the time-resolved 

fragmentation response of the acetophenone radical cation using strong field pump 

wavelengths from 790 nm - 1500 nm and a weak-field, 790 nm, time-delayed 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 mass fragments therefore provide an experimental observable for 

control of the excited state population14. The combination of strong field mass spectrometry 

action spectrum in the infrared with infrared pump-weak field probe experiments on 

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 various para-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 vacuum chamber 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 molecules obtained from Sigma Aldrich are: 4’-

hydroxyacetophenone, 4’-methylacetophenone (98%), 4-trifluoromethylacetophenone 

(98%), 4’-methoxyacetophenone (99%), 4’-trifluoromethoxyacetophenone (98%), 

4’fluoroacetophenone (99%), and 4-tertbutylacetphenone (99%). 

5.3.2 Pump-probe experimental setup 

 
The pulses used in this chapter consist of the output from the optical parametric 

amplifier and the output from the 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 amplifier. Approximately 500 𝜇J 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 nm - 1550 nm with pulse durations from 50-100 

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 a plano-convex lens, f=20 cm, which 
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allows for intensities approaching ~1014 W cm-2 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 between the two 

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 790 nm beam.  The 790 

nm beam is collinearly aligned with the signal beam and focused in the chamber by passing 

through the same plano-convex lens, f=20 cm. The beams are spatially and temporally 

overlapped according to the zero delay procedure in chapter 2.  Xenon 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 adjustments to the spatial 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 and pulse intensities allows our 

configuration to support either pulses to assume the roles of either the pump or probe 

pulses.  The pump beam’s intensity was ~5 x 1013 W cm-2 regardless of the pump 

wavelength, and the 790 nm probe beam’s intensity was ~2 x 1012 W cm-2 for the initial 

set of experiments in section 5.4 and was variably attenuated from ~1011-1012 W cm-2 in 

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

generated in a BBO crystal was also performed for additional 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 

frequency-resolved optical gating 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 setup. 

5.3.4 Mass spectrometer operating conditions and acquisition of ion transients 

Mass spectra were measured using a linear 1 meter time-of-flight system operating 

in positive ion mode as described in chapter 2. A 500 m slit 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 integrated the mass peaks 

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 pump probe scan extended from -500 

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 valve to attain a sample pressure of 3.5 x 10-6 

Torr. A second leak valve was used to maintain the xenon pressure in the vacuum chamber 

at 7.5x10-6 Torr. The laser intensity at each wavelength was internally calibrated for each 

measurement by the Xe ion intensity. The Xe+ signals were fit to ADK calculations for 

tunnel ionization of a rare gas atom to determine the absolute laser intensity.13 The 
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background vacuum pressure in the chamber was ~1.0 x 10-8 Torr.  Identical experiments 

on para- substituted acetophenone derivatives that are presented in the last section of this 

chapter were performed 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 together in Matlab.  The 

averaged transients were then re-plotted as a function of pump-probe 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 which could 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 performed using the Gaussian09 program 

package37. The geometries of the acetophenone neutral molecules and radical cations were 

optimized at the B3LYP/6-311++G(d,p) level of theory. The ground and excited state 

energies as a function of dihedral angle were calculated at the EOM-IP-CCSD/6-311+G(d) 

level of theory using QCHEM. The transition dipole coupling between the ground state D0 

and the excited state D2 as a function of dihedral angle was calculated at the EOMEE-

CCSD/6-31+G(d) level using Gaussian37.  
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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 pump-probe 

delay for the pump wavelengths 790 nm (+), 1270 nm (●), 1370 nm (●), and 1500 nm (x). 

At negative time 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 feature is a direct 

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 peak-to-peak amplitude of the first oscillation is a factor 

of 10 greater using near-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, strong-field, pump-probe experiments11, 25, 30. At the near-IR 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 parent-ion yield and 

low amplitude oscillation in the case of the 790 nm pump (comparable to those observed 

in previous experiments11, 30) 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 coherence time retrieved from nonlinear least squares fitting 

of the experimental data increases from 440 fs for 790 nm excitation to 570 fs for 1270 and 

 

 

file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_11
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_25
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_30
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_11
file:///C:/Users/Owner/Desktop/Dissertation/Chapter%207/Time%20Resolved%20Measurements.docx%23_ENREF_30


 

156 

 

 

 

 

Figure 5.1. Parent ion signal as a function of pump-probe delay for pump 

wavelengths of 790 nm (+) 1270 nm (*), 1370 nm (●), and 1500 nm (x). 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 alongside the pump 

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 adiabaticity parameter 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 figure 5.3.  Figure 5.2 provides the mass 

spectrum of acetophenone upon excitation with wavelengths ranging from 395 nm – 1500 

nm. The mass spectrum at 395 nm and 790 nm clearly exhibit a higher yield of small 

fragments (m/z < 77) than the longer wavelengths, which is consistent with nonadiabatic 

ionization at 395 nm and 790 nm and adiabatic ionization at the longer wavelengths5.  Upon 

excitation with 395 nm, a higher degree of fragmentation is 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 parent (●) and 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 near-IR as compared to 790 nm and 395 nm, respectively, is 

consistent with enhanced preparation 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 field near-IR 
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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 5.0 x 1013 W cm-2.  The parent ion 

(M+), benzoyl ion (M-CH3
+), and phenyl ion (M-COCH3

+) are indicated.  Note: All 

wavelenghts except 395 nm were used in the pump probe experiments. 
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Figure 5.3. Parent (●) and fragment (■) 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 in limited-

amplitude modulation for a given final state due to nonadiabatic preparation of multiple 

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, acetyl and methyl ions34. The yields of the 

parent (x), 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 acetyl and 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, 𝑆(𝑡) = a sin [(
2𝜋𝑡

𝑏
+ 𝑐)] ∗ 𝑒𝑥𝑝

(
𝑡

𝑑
)

+ 𝑒, where a is the amplitude, b is the 

wavepacket period, c and e are constants, and d is the coherence time.   Table 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 carbon-carbon bond joining the 

phenyl ring to the acetyl group38.  
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Figure 5.4. Time-dependent signals of acetophenone parent (x), benzoyl (+), 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 the 

benzoyl transient.  
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Table 5.1 

 

 

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

ionization with different pump wavelengths.  The pump intensity was ~5.0 x 1013 W cm-2 

at all wavelengths and the 800 nm probe intensity was ~2.0 x 1012 W cm-2.  The fitting 

function is given as 𝑆(𝑡) = a sin [(
2𝜋𝑡

𝑏
+ 𝑐)] ∗ 𝑒𝑥𝑝

(
−𝑡

𝑑
)

+ 𝑒. 
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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 wavepacket dynamics of the acetophenone radical cation. The dihedral angle is 

the primary coordinate that is changing after the creation of the molecular ion at a 0ᵒ 

dihedral angle, with the wavepacket moving towards the energy minimum at 44ᵒ. The 

ground and excited state energies as a function of dihedral angle were calculated at the 

EOM-IP-CCSD/6-311+G(d) level of theory using QCHEM.39 The transition dipole 

coupling between the ground state D0 and the excited state D2 as a function of dihedral 

angle was calculated at the EOM-EE-CCSD/6-31+G(d) level using Gaussian.40 These 

calculations reveal a maximum dipole coupling at a dihedral angle of 90ᵒ and zero coupling 

at 0ᵒ and 180ᵒ.  Figure 5.5(a) displays the energies of the D0 (x), D1 (*), and D2 (+) surfaces 

as a function of the dihedral angle with all other internal coordinates optimized and the 

superimposed yellow curve corresponds to the transition dipole values, 𝜇02, between D0 

and D2. The proposed mechanism of benzoyl ion formation at the pump wavelengths of 

1270 nm and 1500 nm is illustrated on the potential surfaces in Figure 5.5(a). Adiabatic 

ionization launches a wavepacket that propagates along the D0 surface from the initial 

dihedral angle of 0ᵒ toward 180ᵒ, as shown by the light blue dashed line. The D0 to D2 dipole 

coupling increases with increasing dihedral angle from the minimum at 0ᵒ, allowing the 

time-delayed probe pulse (dotted magenta arrow of length 1.6 eV) to transfer population 

to the D2 surface most efficiently at a dihedral angle of 90ᵒ where the transition dipole 

among the D0 and D2 surfaces is maximum. Once population is transferred to the D2 

surface, the wavepacket propagates to a dihedral angle of 180ᵒ (light blue dashed line),  
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Figure  5.5. Dissociation mechanism of the acetophenone radical cation and 

wavepacket trajectories on the acetophenone radical cation ground ionic surface (a) 

Calculated potential energy surfaces D0 (x), D1 (*) and D2 (+) as a function of dihedral 

angle. The pale blue dashed lines indicate wavepacket motion on the D0 and D surfaces 

and the dotted line indicates the 790 nm probe photon. The shaded yellow curve represents 

the transition dipole coupling, 𝜇02, between D0 and D2. The dipole moments were 

calculated by Maryam Tarazkar.   (b) Calculated wavepacket trajectory (black) 

superimposed on the parent (x) and benzoyl (+) transient signals. 
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where a conical intersection seam among D0/D1/D2 (shaded oval) facilitates dissociation to 

the benzoyl ion34. Thus the first maximum in the benzoyl ion yield and the concurrent 

minimum in the parent ion yield at a pump-probe delay of 325 fs correspond to the time 

required for the centroid of the wavepacket to reach 90ᵒ. As the dihedral angle increases 

past 90ᵒ, the coupling between D0 and D2 (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 180ᵒ. Continued oscillation of the D0 

wavepacket produced maximum population transfer every time the dihedral angle reaches 

90ᵒ, 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 5.1.  The decay of the modulations 

most likely exist from the wavepacket 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 to wavepacket dispersion from the anharmonicity of  a 1-D 

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 mechanism, wavepacket trajectory calculations were 

performed using the D0 surface in figure 5.5(a). Based on the method of Zewail41, the 

evolution of the dihedral angle of the wavepacket centroid is determined by the equation 

of motion 

𝑑𝜑

𝑑𝑡
= √2

𝐼
(𝑉(𝜑(0)) − 𝑉(𝜑(𝑡))        (5.1) 

where V(φ(0)) is the initial potential value at time zero, I is the reduced moment of 

inertia for the torsional motion, and V(φ(t)) is the D0 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(φ(0))=10-4 radian and a reduced moment of inertia of 5.22 x 10-46 kg m2. 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 ion (x) and benzoyl ion (+). The trajectory 

calculation reveals the wavepacket reaches the geometry with largest transition probability 

to the dissociative D2 state (at the dihedral angle of 90ᵒ in approximately 320 fs, where 

probe-pulse excitation most effectively depletes the population on the bound D0 state. 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 parent ion yield that occur at 650 fs delay are 

in agreement with the trajectory prediction of the calculated torsional angle reaching 180ᵒ 

at 650 fs. 

5.4.2.1 Classical wavepacket trajectory derivation 

The following set of equations are provided to understand the steps in deriving 

equation 5.1.  The set of equations is modified from the classical wavepacket calculations 

as performed by Zewail41.  Here 𝜇 is the reduced mass and is replaced by I, the reduced 

moment of inertia, since we are interested in the rotation around the phenyl acetyl bond 

axis in acetophenone. Furthermore, we replace velocity with angular velocity, ω, since the 

potential coordinate is the change in phenyl acetyl dihedral angle. 

𝐹 = 𝜇𝑎 = 𝐼
𝑑𝜔

𝑑𝑡
=

−𝜕𝑉(𝜑)

𝑑(𝜑)
        (5.2) 

where I is the reduced moment of inertia, φ is the angle of interest, V is the potential 

surface, and ω is the angular velocity 

𝑑𝜔

𝑑𝑡
=

−𝜕𝑉(𝜑)

𝐼∗𝑑(𝜑)
;     𝜔 =

𝑑𝜑

𝑑𝑡
        (5.3) 
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Solve for a set of different equations, multiply both sides by  
𝑑𝜑

𝑑𝑡
 and integrate 

𝑑𝜑

𝑑𝑡
∗

𝑑

𝑑𝑡
(

𝑑𝜑

𝑑𝑡
) =

−𝜕𝑉(𝜑)

𝐼∗𝑑(𝜑)
(

𝑑𝜑

𝑑𝑡
)              (5.4) 

𝑢 =
𝑑𝜑

𝑑𝑡
 ;  𝑢

𝑑(𝑢)

𝑑𝑡
=

1

2

𝑑(𝑢2)

𝑑𝑡
        (5.5) 

1

2
∫

𝑑

𝑑𝑡
(

𝑑𝜑

𝑑𝑡
)

2
𝑑𝑡 = ∫

−𝜕𝑉(𝜑(𝑡))

𝐼∗𝑑𝑡
 𝑑𝑡                 (5.6) 

=
1

2
(

𝑑𝜑

𝑑𝑡
)

2
=

−1

𝐼
(𝑉(𝜑(𝑡)) + 𝐸)       (5.7) 

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

𝑑𝜃

𝑑𝑡
= √2

𝐼
(𝑉(𝜑(0)) − 𝑉(𝜑(𝑡))                   (5.8) 

where V(φ(0)) is the initial potential value at the initial dihedral angle and V(φ(t)) 

is the potential as a function of torsional angle, φ.  Integration of both sides specifies the 

wavepacket location at 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 D0 wavepacket are distinctly different than all of the other pump wavelengths 

investigated in the near-IR 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 one-photon transition between the D0 and D2 surfaces of 

the acetophenone radical cation that occurs within the duration of the 1370 nm pulse34. The 

experiment revealed a systematic increase in benzoyl ion signal and simultaneous 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, and phenyl signals correspond to the 

red, blue, and green points, respectively.  The curve fits for each signal are included. 

  



 

169 

 

benzoyl ion signal at 1370 nm. The benzoyl ion forms after wavepacket propagation on the 

D2 surface reaches the conical intersection seam at 180ᵒ 33. The transition from D2 to D0 

provides sufficient energy on the D0 surface to break the methyl bond and form the benzoyl 

ion. According to figure 5.5(b), the minimum of the D0 surface at a dihedral angle of 44ᵒ 

(where the 1370 nm transition occurs) is reached after 250 fs of wavepacket evolution. At 

this time delay the temporal 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 1011 W cm-2. This intensity is sufficient to saturate a one-photon transition to the 

excited energy 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 the D0 initial state population, and this population is 

also excited to the dissociative D2 surface 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 one-photon transition mechanism active at these wavelengths. 

The peak-to-peak amplitude of the parent ion oscillation for the 1370 nm pump in 

figure 5.4(c) is an order of magnitude lower than that measured for 1270 nm or 1500 nm. 

This decrease in modulation supports the hypothesis that the one-photon excitation for a 

1370 nm pump pulse transfers most of the D0 wavepacket to the D2 surface within the 

pump pulse duration. The marked depletion of the parent ion reflects the death of the D0 

wavepacket and the birth of a wavepacket on the D2 surface. Another signature for the 

transfer of the ground-state wavepacket to the D2 surface 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) is provided in figure 5.6. 
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The phase shift observed after the zero delay peak reflects wavepacket dynamics on the D2 

potential which can be probed by the 790 nm pulse in comparison with the wavepacket 

dynamics on D0,. Excitation to a higher lying surface, for example, D3, 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 D2 surface will encounter the 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 the D2 surface and be 

excited to the higher lying states, producing 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 the D0 surface, as seen by the 

oscillations in the parent ion yield. A similar excitation path to D2 and 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 experiment indicates that ionization of acetophenone with 1370 nm results in 

nonadiabatic dynamics due to the significant depletion of the D0 wavepacket within the 

pump pulse.   

5.4.4 Analysis of the phenyl ion transient 

According to our previous results33, 42 a 1370 nm pump pulse can initially populate 

the D2 surface via a one photon transition whereas at the other pump wavelengths (1270 or 

1500 nm) there is no one photon transition that leads to D2 population within the pump-

pulse duration. A portion of the wavepacket that was transferred to the D2 surface by the 

1370 nm pump pulse may be excited by the 790 nm probe 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 exponentially decaying 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 amplitude, period, 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 figure 5.4 and 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 180ᵒ out of phase (3.14 radian) with each other 

however the phenyl is shifted from the parent signal by ~1.6 rad. Furthermore, at a time 

delay of 325 fs, the probe pulse excites the wavepacket on the D0 surface to the D2 surface 

regardless of the pump wavelength. A 1370 nm pump will minimize the amount of ground 

state population that can be transferred to the D2 surface by the probe pulse therefore a 

decrease in the amplitude of the phenyl transient would be expected. However the 

amplitude of the phenyl transient is independent of pump wavelength providing additional 

evidence that the mechanism to phenyl production is similar at the different pump 

wavelengths. Additional inspection of the benzoyl transient in figure 5.4(b) reveals the 

benzoyl transient is slightly shifted from the parent transient and consists of two oscillatory 

components43. In the following section we discuss a probe intensity scan that helps to 

elucidate the origin of the secondary dynamics. 

5.4.5 Probe intensity study of acetophenone launch state dynamics 

It has been established that ionization can occur from multiple molecular orbitals 

projecting the molecule into different ionic states44-45.  Tunnel ionization from multiple 

orbitals was first observed in the strong field ionization of HCl where the population of the 

ground and first excited ionic states corresponded to removal from the highest occupied 

molecular orbital (HOMO) and HOMO-1, respectively, which are separated by ~4 eV 44.  
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Ionization from multiple orbitals has been observed in polyatomic molecules where the 

energy spacing among orbital levels are even smaller26-27, 46.  In acetophenone, the three 

highest occupied molecular orbitals in acetophenone are within 0.4 eV of each other as 

determined by photoelectron spectroscopy47, therefore tunnel ionization from different 

orbitals in acetophenone may populate multiple ionic states. Furthermore, the presence of 

a conical intersection upon vertical ionization in the acetophenone radical cation33 may 

facilitate population transfer into multiple ionic states. Additional calculations of the 

acetophenone radical cation reveal higher lying ionic states, i.e. D3, D4, and D5, along the 

torsional coordinate that can only be reached with the absorption of at least two 790 nm 

photons (1.57eV)30, 43. 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 important variable 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 signals43. In this section 

we present the 790 nm probe intensity scan at a fixed 1270 nm pump wavelength that 

allowed the acetophenone launch state dynamics to be described in greater detail43. At low 

probe powers we expect exclusive excitation of the D0 wavepacket to the D2 surface since 

a single photon is required for this transition.  As 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 transients42.   

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

a 1270 nm pump pulse and various 790 nm probe pulse intensities.  The oscillation period  
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Figure 5.8. Parent (Solid curves) and benzoyl (dashed curves) ion transients 

normalized to their respective negative time delays of the acetophenone radical cation as a 

function of probe intensity. The probe energy (𝜇J) are given and the pump intensity was    

~ 5 x 1013 W cm-2.  The dashed line indicates the first minimum in the parent transient. 
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Figure 5.9. Ion yields of acetophenone at a pump probe delay of 350 fs as a function 

of probe intensity. The parent (∘), benzoyl(∘), phenyl(∘), butyl (∘), acetyl(∘), and methyl 

(∘)ion signals are shown.  
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of the parent ion signal is identical at all probe intensities.  As the probe energy is increased 

the oscillation amplitude of the parent ion signal increases and at 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 

non-monotonically.  At low probe energies the benzoyl oscillation amplitude increases 

linearly with increasing probe intensity but begins to decrease at probe energies greater 

than 5 𝜇J. Similar ion transients were acquired for the phenyl, butadienyl, acetyl, and 

methyl ions.  Figure 5.9 depicts the 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 are independent 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 benzoyl ion signals at low probe energies, <2 𝜇J, and positive time delays are 

linear with probe intensity confirming the dissociation mechanism in figure 5.5(a) at low 

probe energy.  Upon tunnel ionization, the wavepacket traverses the ground ionic surface 

until it reaches the 90ᵒ torsional angle where the maximum transition dipole between D0 

and D2 occurs. At a torsional angle of 90ᵒ the time delayed probe pulse can most effectively 

excite the wavepacket to the D2 surface and subsequent wavepacket motion on the D2 

surface leads to formation of the benzoyl ion following passage through the conical 

intersection.  At higher probe energies, >2 𝜇J, a decrease in the benzoyl ion signal is 

accompanied by an increase in the phenyl ion transient with accompanying oscillatory 

behavior similar to the phenyl oscillations in figure 5.7 is observed.  The appearance of 

oscillations in the phenyl ion transients at higher probe energies suggests the phenyl ion  
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Figure 5.10. Determination of two oscillatory components in the benzoyl ion 

transient. Top panel: Raw parent (red) and benzoyl (blue) transients with a pump 

wavelength of 1270 nm and 790 probe. The intensity of the pump and probe pulses was ~5 

x 1013 W cm-2 and ~ 3 x 1012 W cm-2.  Bottom panel:  The raw phenyl transient signal 

(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 D0 wavepacket to a higher lying state, e.g. D3/4 then 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 seen in figure 5.7.  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 D0 wavepacket to the D2 surface may occur with 

the leading edge of the probe pulse followed by a sequential two photon excitation from 

the D2 surface to higher lying states later in the duration of probe pulse.  The distance the 

wavepacket travelled on the D2 surface after the 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 below other experimental evidence suggests another mechanism may 

account for this offset. Finally, we observe at even higher probe energy the appearance of 

similar oscillations in the acetyl and methyl transient in comparison with the phenyl 

transient which can arise from excitation of the wavepacket into other higher lying 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 component43 as shown 

in figure 5.10. The remaining benzoyl transient in the bottom panel of figure 5.10 is 180ᵒ 

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 may originate 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 D0 and D1/D2 states.  The primary component of the benzoyl transient 

corresponds to the D0 wavepacket dynamics where a single 790 nm probe photon excites 

the D0 wavepacket to the D2 surface leading to benzoyl ion formation.  The secondary 

oscillatory component in figure 5.10 is revealed only at higher probe 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 pump scheme leaving only a small fraction of the 

launch state to propagate on the D0 surface where it can be excited to the D2 state by the 

790 nm probe pulse36. Sequential two photon excitation within the duration of the probe to 

higher lying states, e.g. D3, that 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 mechanism alone cannot 

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 26, 44.  

The HOMO (n orbital on the oxygen), HOMO-1, and HOMO-2 (electrons from π orbitals 

of the phenyl ring) have been measured with photoelectron spectroscopy to lie within 0.5 

eV of each other47.  Therefore upon tunnel ionization a secondary wavepacket may be 

launched on the D1/D2 surface that is only detected at higher probe powers since the energy 

required from the D1/D2 surface to access the higher lying states is ~3 eV (two 790 nm 

photons)30, 43.  The second wavepacket is allowed to oscillate on the excited ionic surface 
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wherein an intense enough probe pulse can transfer population to the D3 surface resulting 

in the observation of the secondary dynamics and oscillations in the phenyl ion. The 

identical phenyl transients and the deconvolution of the 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 wavepacket launched on the D1/D2 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 nature of the 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 dissociation48. IVR may lead to a lack of bond selectivity as 

population in the initial state can easily dissipate into the other levels of the system49-50. 

Investigations of substituent groups on the rate of IVR dynamics often reveal counter 

intuitive phenomena51-55. As anticipated, substitution of a fluorine atom with a methyl 

group in para-difluorobenzene increases the rate of IVR51. The van der Waals interactions 

between the methyl hydrogens and adjacent benzene hydrogens facilitated internal 

collisions among the methyl rotor and benzene ring which enabled efficient mixing of 

states and an increase in the energy redistribution rate. The C-H stretch IVR rate has been 

investigated in functionalized acetylene molecules, (CY)3XCCH, where X= C, Si, or Sn 

and Y=H, D, or F54, 56. 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 the intermediate tier restricted the energy flow 

from the C-H stretch to the rest of the molecule. Furthermore, the exponential increase in 

the density of states by four orders of magnitude for (CF3)3 group substitution in 

comparison with the (CH3)3 group had little effect on the IVR rate.  Recent femtosecond 

pump probe gas phase studies on the vibrational energy redistribution of the C-H ring 

stretch vibration in aromatic molecules have provided insight towards controlling IVR with 

molecular substitution55.  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 was attributed 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 excitation and control of bond dissociation57-59.  

Time-resolved fluorescence measurements on diazomethane revealed ground state 

dissociation that was induced by selective excitation of a single vibrational mode57. An 

ultrafast tunable mid-infrared laser pulse coupled directly into the CNN asymmetric stretch 

initiated the dissociation on a sub-picosecond time scale and effectively limited IVR.  

Ultrafast mode selective dissociation has been investigated theoretically for the radical 

cations of halogenated hydrocarbons58 and formyl chloride59 with strong field mid-infrared 

laser pulses.  In the case of CF3Br+, tuning the excitation wavelength into resonance with 

the C-F bond stretch while aligning the laser polarization along the C-F bond resulted in 

an enhancement of fluorine elimination.  

Selective bond dissociation has been achieved in a group of alkyl phenyl ketones35-

36 by exploiting the torsional nuclear motion that facilitates dissociation upon excitation 
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with infrared pulses to 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 cation33. Bond dissociation in the alkyl phenyl ketones can also 

be controlled with specific positioning of substituents groups on the phenyl ring35-36. 

Positioning methyl or hydroxy substituent 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 of the 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 

dissociation,33, 35-36 effectively suppressing the amount of benzoyl ion formation. The effect 

of different para- substitution groups on gas phase neutral acetophenone molecules has 

been studied using density functional theory calculations60. The calculations suggest the 

torsional barriers about the phenyl acetyl dihedral angle increase as the electron donating 

character of the para- substituent group increases. Thus the torsional barrier decreases in 

the following order, OCH3>CH3>F>H>CF3.  The stronger electron donating groups 

increase the π character of the phenyl acetyl bond which leads to contraction of the phenyl 

acetyl bond length. Electron withdrawing groups such as trifluoromethyl lead to 

lengthening of the phenyl acetyl bond and lower rotational barriers.  This trend is consistent 

with magnetic resonance experiments on identical para- substituted acetophenone 

derivatives61-63.      

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

dynamics in the acetophenone radical cation42.  Tunnel ionization via strong infrared pump 
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pulse followed by a weak field probe pulse led 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 

wavelength42 and probe intensity43.  Based on previous controlled bond dissociation results 

in the acetophenone radical cation with substitution groups35-36 we hypothesize that 

systematic variation of the electronic and structural properties of the para- 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 limited to the para- 

position in our experiments since many of the molecules were readily available and the 

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 cartoon of the acetophenone 

molecule and the expected outcomes that para substitution will have on the torsional 

motion.  We perform pump probe measurements on a series of para- substituted 

acetophenone derivatives with a strong field 1270 nm pump pulse and weak field 790 nm 

probe pulse and compare their corresponding parent ion transients. The pulse intensities 

are 5 x 1013 W cm-2 and 2 x 1012 W cm-2, respectively.  

5.5.1 Parent ion transients of acetophenone derivatives 

Figure 5.12 provides the averaged parent ion signal as a function of pump-probe 

delay for various para-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 oscillation periods extracted from the superimposed curve 

fits are given next to each transient. The fluoro- (green), 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 acetophenone molecule.  The substituent groups, Y, are Y = 

CH3, CF3, OH, C(CH3)3, OCH3, F, or OCF3. 
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Figure 5.12. The parent ion transients for acetophenone (purple), 4’-

fluoroacetophenone (green), 4’-tertbutylacetophenone (yellow), 4’-methylacetophenone 

(orange), and 4’-trifluoromethylacetophenone (red).  The fits to each curve are 

superimposed on the raw data and the torsional periods are listed. The 1270 nm pump 

pulse’s intensity was 5 x 1013 W cm-2 and the 790 nm probe pulse’s intensity was 2 x 1012 

W cm-2.  The signals normalized to their respective negative time yields and are manually 

shifted on the y-axis 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 ion transients for acetophenone (purple), 4’-

hydroxyacetophenone (aqua), 4’-methoxyacetophenone (green), and 4’-

trifluoromethoxyacetophenone (red).  The fits to each curve are superimposed on the raw 

data and the torsional periods are listed.  The 1270 nm pump pulse’s intensity was 5 x 1013 

W cm-2 and the 790 nm probe pulse’s intensity was 2 x 1012 W cm-2.   The signals 

normalized to their respective negative time yields and are manually shifted on the y-axis 

with respect to each other.  The dashed lines indicate the first and second maximum in the 

acetophenone transient oscillations. 
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Table 5.2 

 

The fitting parameters for the parent transients of different para-substituted acetophenone 

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

as 𝑆(𝑡) = 𝐴1sin [(
2𝜋𝑡

𝑏
+ 𝑐)] ∗ 𝑒𝑥𝑝

(
−𝑡

𝑑
)

+ 𝑒 + 𝐴2sin [(
2𝜋𝑡

𝑔
+ ℎ)] ∗ 𝑒𝑥𝑝

(
−𝑡

𝑚
)
. 

Table 5.3 

 

The fitting parameters for the parent ion transients of different para-substituted 

acetophenone derivatives fit with the sum of an decaying exponential sinusoid and 

exponential.  The fitting function for the parent transients is given as 𝑆(𝑡) =

𝐴1sin [(
2𝜋𝑡

𝑏
+ 𝑐)] ∗ 𝑒𝑥𝑝

(
−𝑡

𝑑
)

+ 𝑒 + 𝐵1 𝑒𝑥𝑝
(

−𝑡

𝑔
)
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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 dynamics whereas 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 fitting parameters are specified in table 5.2.  The torsional periods (T1) for 

the 4’-fluoro, 4’-methyl, and 4’-tertbutylacetophenone are 702 fs, 723 fs, and 750 fs, 

respectively. The oscillations of the 4’-trifluoromethyl acetophenone (red) parent transient 

are characteristic of the acetophenone molecule however additional oscillations are 

observed extending beyond 4 ps. The 4’-trifluoromethyl acetophenone parent transient was 

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 hydroxy, methoxy, 

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 exponential decaying 

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 torsional periods for the 4’- hydroxy, 

4’-methoxy-, and 4’-trifluoromethoxy acetophenone transients are 600 fs, 578 fs, and 800 

fs respectively.  The first coherence time, τ1, decreases from 472 fs to 430 fs to 260 fs 

corresponding to hydroxy, methoxy, and trifluoromethoxy substitution, respectively. 
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Substition with a trifluoromethoxy group results in a coherence time, τ1, that is half of the 

acetophenone coherence time. The second exponential term, τ2, in the alkoxy substituted 

acetophenone derivatives is larger than τ1 and on the order of ~1-2 ps. 

5.5.2 Analysis of launch state dynamics in acetophenone dertivatives 

The time-resolved data in figures 5.12 and 5.13 demonstrate the effect of para- 

substitution on the launch state dynamics of the acetophenone radical cation. Addition of 

the slightly electron withdrawing fluoro or electron donating methyl moieties60, 64 do not 

have a significant effect on the measured wavepacket dynamics.  Infrared spectroscopy of 

neutral fluorinated acetophenone suggest the addition of a fluoro- group in the para 

position reduces the torsional frequency65 (increases period) of the phenyl acetyl bond and 

this trend is in agreement with our measurements. Furthermore, the fluoro group doesn’t 

contribute to the molecules moment of inertia therefore a similar period is observed.  The 

increase of the torsional period in the 4’-methyl and 4’-tertbutylacetophenone can be 

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 moment of inertia and lead to an increase in the torsional 

period.  The moment of inertia increases to 5.4 x 10-46 kg m2 in 4’-methylacetophenone to 

6.6 x 10-46 kg m2 in 4’-tertbutylacetophenone in comparison to 5.2 x 10-46 kg m2 for 

acetophenone. Additionally, the size 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.   
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5.5.3 Extended coherence with coupled rotors in 4’-

trifluoromethylacetophenone 

A unique result is the measurement of extended coherence in the 4’-trifluoromethyl 

acetophenone radical cation. Transients for 2’- and 3’-trifluoromethyl acetophenone were 

also measured but do not contain additional dynamics.  The moment of inertia increases by 

a factor of 60 for 4’-trifluoromethylacetophenone (346.0 x 10-46 kg m-2) in comparison to 

acetophenone (5.7 x 10-46 kg m2).  A single function poorly fits the data and the sum of two 

exponential decaying sinusoids were needed. Figure 5.14 gives the two oscillatory 

components that are extracted from the curve fit of the 4’-trifluoromethylacetophenone raw 

data (red). The green curve is similar to the acetophenone radical cation dynamics and the 

curve fit calculates 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 

the trifluoromethyl group’s increase on the molecules moment of inertia.  The blue curve 

is the extracted second oscillatory component from the curve fitting and has a torsional 

period of 620 fs. Vibrational spectroscopy measurements on trilfuoromethyl substitution66 

assign the –CF3 torsional frequency to <100 cm-1.  Therefore we assign the blue curve to 

the torsion of the trifluoromethyl group.  Additionally the mass spectra of 4’-

trifluoromethylacetophenone does not contain phenyl-COCH3
+ or CF3

+ fragments 

indicating that the bond dissociation mechanism in in 4’-trifluoromethylacetophenone 

involves the phenyl acetyl torsional bond in order to generate the benzoyl fragment.  It is 

possible that the two torsional modes have similar 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. Deconvolution of the 4’-trifluoromethylacetophenone parent transient. 

The averaged parent transient of 4’-trifluoromethylacetophenone (red) and the two 

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 period of the triflouromethyl group is T2=620 fs. 
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into other molecular modes resulting in extended coherence. Normal mode analysis 

of the molecules will be the next step to assign the frequencies of the involved modes.  We 

anticipate the torsional frequencies of the 4’-methylacetophenone and 4’-

tertbutylacetophenone to be greater and much smaller, respectively, in comparison to the 

acetophenone phenyl acetyl torsional frequency (~ 48 cm-1) therefore efficient coupling of 

the modes does not occur. In the case of 4’-trifluoromethylacetophenone we anticipate 

normal mode analysis to reveal a similar torsional frequency of the phenyl-CF3 torsional 

mode (~ 50 cm-1) that can couple into the acetophenone phenyl acetyl torsional mode.    

5.5.4 Suppression of wavepacket dynamics in acetophenone radical cation via 

para-substitution with alkoxy groups 

Figure 5.13 provides the parent transients for 4’-hydroxy, 4’-methoxy, and 4’-

trifluoromethoxy acetophenone and the parent transient of acetophenone is included for 

comparison.  The introduction of an oxygen between the phenyl ring and substituent group 

significantly changes the wavepacket dynamics.  The parent transients of 4’-hydroxy-, 4’-

methoxy-, and 4’-trifluoromethoxy- were fit to the sum of a decaying exponential sinusoid 

and an additional exponential decay term.  The oscillation amplitudes are significantly 

reduced in all of the molecules.  Magnetic resonance studies on para- substituted neutral 

acetophenones revealed the strong electron donating character of the methoxy group 

increased the π character of the phenyl acetyl bond and imparted the largest barrier to the 

phenyl acetyl torsional motion60 therefore restricting wavepacket motion on the torsional 

surface. Hammett constants64 for the para-hydroxy and para-methoxy group on 

acetophenone suggest both groups are electron donating to the phenyl ring which will 

increase the π character of the phenyl acetyl bond and increase the torsional barrier60. 
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Additionally, the decrease in decay times, τ1, as the substituent group increases in size 

implies the heavier off axis components lead to faster decoherence of the wavepacket.  The 

second decay term, τ2, is ~1.5 ps in the alkoxy substituent acetophenone molecules and 

hints at the presence of an incoherent process that leads to a reduction in the parent ion 

signal.  Therefore calculations on how the ionic surfaces change with the addition of alkoxy 

groups will be instrumental in order to properly interpret the wavepacket dynamics.  

5.6 Conclusions 

Time-resolved photodissociation experiments on the acetophenone radical cation 

revealed evidence for adiabatic ionization at 1270 nm and 1500 nm, where a ``cold'' launch 

state is created on the D0 electronic surface. The corresponding antiphase oscillation of the 

benzoyl fragment results from population transfer from the D0 state to the D2 state by the 

790 nm probe pulse. Elimination of the majority of the D0 wavepacket within the duration 

of the 1370 nm pump pulse reveals antiphase oscillations in the benzoyl and phenyl ions 

which are assigned to a secondary wavepacket oscillating on the D2 surface.  Identical 

phenyl transients at all pump wavelengths suggest the mechanism to generate the phenyl 

ion is independent of the initial pump wavelength.  A probe pulse intensity study was 

performed to elucidate the role of higher lying ionic states in the acetophenone radical 

cation and to determine the origin of the secondary wavepacket.  At low probe intensity 

only the benzoyl and parent transients oscillate and their amplitudes are linear with 

intensity confirming one photon excitation of the wavepacket by the probe pulse from the 

D0 to D2 surface.  Increasing probe intensity results in higher order excitation processes 

that generate the phenyl and low mass fragments.  Deconvolution of the benzoyl ion signal 

revealed two oscillatory components that may originate from two initial wavepackets being 
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launched on different ionic surfaces. Additional experiments varying the probe frequency 

will help determine the origins of the secondary wavepacket.  The multiple recurrences 

observed suggest that adiabatic ionization enables manipulation of wavepackets in the 

vicinity of a conical intersection seam, which may enable new experiments in areas 

including quantum control and information.   

Control of the launch state torsional wavepacket was achieved in the acetophenone 

radical cation with different para- substitution groups. Torsional barriers on the ground 

ionic surface imparted by alkoxy substituent groups may be responsible for the reduced 

coherence times and suppression of launch state dynamics.  The addition of a fluoro or 

methyl group had little effect on the wavepacket dynamics whereas substitution with a 

trifluoromethyl group extended the wavepacket oscillations to ~5 ps.  The 4’-

trifluoromethyl acetophenone transient was determined to have two oscillatory 

components which were attributed to the phenyl-acetyl and trifluoromethyl torsional 

modes.  The similar torsional modes in 4’-trifluormethylacetophenone may allow energy 

to be transferred exclusively between two torsional coordinates resulting in extended 

coherence.  The additional recurrences suggests that launch state dynamics in radical 

cations can be controlled by tailoring the electronic and structural framework of a 

molecule, which may enable new coherent control paradigms in the strong field regime.  

Future calculations of the ionic surfaces and normal mode analysis of the substituted 

acetophenone radical cations will be critical in elucidating specific launch state dynamics. 
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CHAPTER 6 

SUMMARY AND OUTLOOK 

This dissertation has described the use of tunable strong field laser pulses coupled 

to a time of flight mass spectrometer to measure dynamic electronic resonances in 

molecular radical cations and has detailed the preparation of selective launch states to 

control molecular photodissociation in the strong field regime.  Adiabatic ionization with 

infrared laser pulses generate a majority of ground state molecular ion with minimal 

fragmentation in a series of alkyl phenyl ketones.  Tuning the wavelength from 1150 nm – 

1550 nm results in a minimum of the parent ion yield and maximum in the benzoyl ion 

yield at 1370 nm. Upon tunnel ionization, a time dependent wavepacket is launched on the 

ground ionic surface where it encounters a bright region between the D0 and D2. A one 

photon transition with a 1370 nm photon within the pulse duration efficiently transfers the 

wavepacket to the D2 state that leads to the eventual formation of the benzoyl ion following 

passage through a conical intersection that converts the electronic energy to vibrational 

energy for dissociation.  Variation of the laser parameters and molecular properties enables 

further control of the photodissociation.  Wavelength, pulse duration, intramolecular 

hydrogen bonding, and extended conjugation played the largest roles in controlling the 

photodissociation.  

New tactics in molecular coherent control are of interest primarily due to the limited 

control with strong field nonadiabatic laser pulses.  The production of a single launch state 

provides the strong field community a new tool for developing quantum control schemes.  

Time resolved photodissociation experiments with an infrared pump laser followed by a 

weak 790 nm probe pulse suggest production of a launch state on the D0 surface via 
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adiabatic ionization enables higher degrees of control.  Elimination of the D0 wavepacket 

with a 1370 nm pump reveals wavepacket dynamics on the D2 surface. Additional 

experimental evidence suggests a secondary launch state may be prepared on the D1/D2 

surface during the ionization event. Higher order excitation can transfer the second 

wavepacket oscillating on the D1/D2 surface to higher lying states that lead to the formation 

of the phenyl and small fragment ions.  Future experiments that scan the probe frequency 

will aim to elucidate the nature of the secondary wavepacket and extend control of the 

initial launch state through resonant transitions in the ionic manifold that may result in 

control of the dissociation products. Initial time resolved results on para substituted 

acetophenone derivatives show potential for controlling launch state dynamics through 

tailoring the molecular framework such that the electronic structure of the radical cation 

will facilitate maximum control of the launch state dynamics. Future normal mode analysis 

will reveal the torsional modes that can effectively couple with the phenyl acetyl torsional 

mode to extend the launch state coherence. 

 It is imperative to understand how polyatomic molecules behave with strong field 

laser pulses if future paradigms in coherent control are going to be discussed. For a long 

time strong field molecular control was performed with nonadiabatic ionization laser pulses 

that led to limited dynamic control.  We have shown higher degrees of dissociation control 

are now possible with the preparation of a launch state via adiabatic ionization and more 

accurate interpretations of physical mechanisms are achieved by initiating dynamics from 

a single ionic state and removing contributions from multiple ionic states. 
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