
 

 

 
 
 
 
 
 

ABSTRACT 
 

Construction and Calibration of a Custom Time-of-Flight Mass Spectrometer and its 
use in Measuring the Reaction Kinetics of Transition Metal Ion-Organic Interactions 

 
Vanessa A. Castleberry, Ph.D. 

Mentor:  Darrin J. Bellert, Ph.D. 
 
 

A unique instrument was constructed and used to generate and interrogate jet 

cooled neutrals, ions and their respective clusters.  The instrument is a result of the 

artful marriage of supersonic expansions combined with time of flight spectroscopy.  

Ionization occurs in a large main chamber.  The ions are separated via a kinetic energy 

pulse from a custom built linear particle accelerator.  The revelatory hardware for our 

instrument is a microchannel plate detector (MCP).  The MCP is mounted on the exit of 

a custom designed and built hemispherical energy analyzer (sector), which acts as an 

energy filter.  This filtering characteristic of the sector permits study of selected ionized 

fragments. 

To test the instrument, the 2-photon resonant, 3-photon ionization spectrum of 

gaseous atomic copper was measured.  The 5 1
22

2 10 2 103 3 4D d nd S d s (n = 9 – 21) 

Rydberg series was observed in 2-photon excitation.  The term energies of this series 

converged to copper’s lowest ionization threshold with an apparent quantum defect of 

0.92.  The state which couples the ground 1
2

2 103 4S d s  state of copper to the 5
2

2 103D d nd  



 

 

Rydberg series is a non-stationary state composed primarily of the spin-orbit 

components of the lowest 2P° atomic states. 

Additionally, the time dependence of the gaseous unimolecular decomposition 

of the jet-cooled adduct ion, Ni+•Acetone was monitored by selective detection of the 

daughter fragment, Ni+CO.  Various photon energies were supplied to initiate 

dissociation of the adduct ion.  The energies employed in this reaction were well below 

that required to fragment C-C -bonds.  First-order unimolecular decomposition rate 

constants, k(E) ranged from 55000 – 113000 s-1.  The rate constants decreased with 

decreasing amounts of internal excitation.  Ni+ cation is implicated as a catalytic 

necessity to activate the bond and cause molecular fragmentation.  These experiments 

represent the first direct kinetic study of such catalytic type reactions. 

  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © 2010 by Vanessa A. Castleberry 

All rights reserved 



 

iv 
 

 
 

TABLE OF CONTENTS 
 
 
LIST OF FIGURES ......................................................................................................... vi 
 
LIST OF SCHEMES ........................................................................................................ ix 
 
LIST OF TABLES ............................................................................................................ x 
 
ACKNOWLEDGMENTS ............................................................................................... xi 
 
DEDICATION ............................................................................................................... xvi 
 
EPIGRAPH ................................................................................................................... xvii 
 
CHAPTER ONE ............................................................................................................... 1 

Introduction ................................................................................................................... 1 
Mass Spectrometry .................................................................................................... 1 

Electronic Transitions in Spectroscopy ................................................................ 3 
The Value of Kinetic Studies ...................................................................................... 9 

Unimolecular Reactions ...................................................................................... 12 
 
CHAPTER TWO ............................................................................................................ 16 

Experimental Background ........................................................................................... 16 
Time of Flight Spectroscopy .................................................................................... 16 

Resolution ............................................................................................................ 18 
Resolution Improvements .................................................................................... 21 

 
CHAPTER THREE ......................................................................................................... 31 

Experimental Apparatus .............................................................................................. 31 
Expansion Chamber ................................................................................................ 31 
Orthogonal Accelerator ........................................................................................... 33 

TOF stack and Resistor Box Control .................................................................. 33 
Deflector .............................................................................................................. 41 

Hemispherical Energy Analyzer .............................................................................. 42 
A Mechanical Beam Collimator for an Ion Dispersion Issue ................................. 49 
Detection .................................................................................................................. 54 
Instrumental Timings ............................................................................................... 55 

Orthogonal Accelerator in Static Mode .............................................................. 55 
Orthogonal Accelerator in Triggered Mode ....................................................... 57 

Experimental Setups ................................................................................................ 62 
Resonance Enhanced Multiphoton Ionization or REMPI Studies ...................... 62 
Photo-induced Dissociation Studies ................................................................... 64 

 



 

v 
 

CHAPTER FOUR ........................................................................................................... 69 
Two Photon Resonant Excitation of Copper Rydberg Levels ..................................... 69 

Preface ..................................................................................................................... 69 
Introduction ............................................................................................................. 69 
Experimental ............................................................................................................ 70 
Results ...................................................................................................................... 71 
Discussion ................................................................................................................ 78 
Conclusions ............................................................................................................. 79 
Acknowledgments .................................................................................................... 80 

 
CHAPTER FIVE ............................................................................................................. 81 

The Low Energy Unimolecular Reaction Rate Constants for the Gas Phase, Ni+ 
Mediated Dissociation of the C–C -bond in Acetone ............................................... 81 

Introduction ............................................................................................................. 81 
Experimental ............................................................................................................ 84 

Instrumentation ................................................................................................... 84 
Data analysis ....................................................................................................... 90 

Results ...................................................................................................................... 92 
Initial Beam Conditions ...................................................................................... 92 
Reaction Rate Constants, k(E) ............................................................................ 96 

Discussion .............................................................................................................. 101 
Conclusions ........................................................................................................... 107 
Acknowledgments .................................................................................................. 107 

 
CHAPTER SIX ............................................................................................................. 108 

Conclusions ............................................................................................................... 108 
General Conclusions ............................................................................................. 108 
Future Directions .................................................................................................. 109 

 
APPENDICES .............................................................................................................. 111 
 
APPENDIX A ............................................................................................................... 112 

Field Ratio Calculations ............................................................................................ 112 
 
APPENDIX B ............................................................................................................... 117 

Travel Time Calculations .......................................................................................... 117 
 
BIBLIOGRAPHY ......................................................................................................... 119 
 
 
  



 

vi 
 

 
 

LIST OF FIGURES 
 
 
Figure 1 A simplified mass spectrometry process.. ..................................................... 2 

Figure 2 The Jablonski diagram shows the molecular state of the sample .................. 5 

Figure 3 Photoionization diagram. ............................................................................... 6 

Figure 4 This is a depiction of two color photoionization. .......................................... 7 

Figure 5 A representation of photodissociation ........................................................... 8 

Figure 6 A simple Morse potential diagramming dissociation .................................... 9 

Figure 7 Ni+•Bz complex mass spectrum .................................................................. 19 

Figure 8 The mass spectrum of cyclohexane by electron impact (EI) ....................... 20 

Figure 9 Full Width at Half Maximum height measurement ..................................... 22 

Figure 10 Simplified TOF diagrams. ........................................................................... 23 

Figure 11 The instrument in our laboratory. ................................................................ 29 

Figure 12 The Time of Flight orthogonal accelerator .................................................. 34 

Figure 13 Plate diagrams from the OA. ....................................................................... 35 

Figure 14 Potentiometer and OA ................................................................................. 36 

Figure 15 Toluene mpi time-of-flight spectrum comparison ....................................... 39 

Figure 16 3D rendering of Figure 15 ........................................................................... 40 

Figure 17 Deflector effects. ......................................................................................... 41 

Figure 18 Simple hemispherical sector ........................................................................ 42 

Figure 19 Diagram of the sector, full assembled. ........................................................ 47 

Figure 20 CAD drawings of the hemisphere parts ....................................................... 48 

Figure 21 Comparative Mass Spectra pre-resolution correction ................................. 50 



 

vii 
 

Figure 22 The new mechanical beam collimator. ........................................................ 52 

Figure 23 Comparative Mass Spectra post resolution correction ................................ 53 

Figure 24 Schematic of a ChevronTM style microchannel plate detector. .................... 55 

Figure 25 The instrumental setup used for R2C2PI on toluene clusters. ..................... 56 

Figure 26 A firing sequence diagram for static OA ..................................................... 57 

Figure 27 Delay settings comparison. .......................................................................... 59 

Figure 28 Optical spectrum of toluene. ........................................................................ 60 

Figure 29 The delay sequence for a photoionization experiment ................................ 61 

Figure 30 Rydberg Ionization Spectroscopy ................................................................ 63 

Figure 31 This instrumental setup used for the Rydberg studies of Copper. ............... 64 

Figure 32 Fragment ion collection ............................................................................... 65 

Figure 33 The instrument for initial photo-induced dissociation studies..................... 66 

Figure 34 The instrument in its final form for kinetic studies.. ................................... 67 

Figure 35 A semi-quantitative Morse potential for Ni+-OC(CH3)2 ............................. 68 

Figure 36 Resonant electronic structure of gaseous copper ......................................... 73 

Figure 37 Diagram depicting both R2PI and R(1+1)3PI studies ................................. 75 

Figure 38 The Copper Rydberg series. ........................................................................ 77 

Figure 39 Instrumental diagram for Ni+·Acetone publication ..................................... 86 

Figure 40 Time-of-flight mass spectrum of Ni+–acetone ............................................ 87 

Figure 41 A sector scan ................................................................................................ 89 

Figure 42 The apparent velocity distribution ............................................................... 94 

Figure 43 The dissociation reaction of Ni+Ac → Ni+CO + C2H6 ................................ 97 

Figure 44 The same as Figure 43, except with a photon energy = 18000 cm-1. .......... 98 



 

viii 
 

Figure 45 The same as Figure 43, except with a photon energy = 16400 cm-1. ........ 100 

Figure 46 Semi-quantitative Ni+Ac (Morse) potential energy surfaces ..................... 104 

  



 

ix 
 

 
 

LIST OF SCHEMES 
 
 

Scheme 1 A representation of the Ni+–acetone interaction .......................................... 84 
 
  



 

x 
 

 
 

LIST OF TABLES 
 
 
Table 1 The electromagnetic spectrum ....................................................................... 3 

Table 2 The value of kinetics .................................................................................... 10 

Table 3 Examples of isomerization and dissociation unimolecular reactions. ......... 15 

Table 4 Final ion velocities ....................................................................................... 17 

Table 5 Turnaround times ......................................................................................... 24 

Table 6 Field free drift times .................................................................................... 25 

Table 7 An evaluation of experimental and calculated total flight times ................. 28 

Table 8 The Potential Ratios on the OA stack .......................................................... 37 

Table 9 Typical potential values of daughter fragment studies based on ................. 45 

Table 10 Transit times for the sector .......................................................................... 49 

Table 11 Term energies (cm-1) of the 3d10nd 2D5/2 Rydberg series in Cu .................. 76 

Table 12 First order rate constants for unimolecular decomposition ......................... 93 

 

  



 

xi 
 

 
 

ACKNOWLEDGMENTS 
 

 
For grace, strength and perseverance, I have great appreciation for my Higher 

Power through my dear friends from whom I receive my spiritual support.  Hugs, 

coffee, meals, emails and late night phone calls were appreciated beyond what words 

can express. 

I express my undying gratitude to all of my course instructors here at Baylor.  

From Dr. Marianna Busch and Dr. John Olson, I experienced their heartfelt love of the 

learning process and a vision of quantum mechanics that will be ever growing as I 

continue on my journey.  I hope to never stop learning!  From Dr. Carlos Manzanares, I 

gained an appreciation of the delicacies of kinetic theory; truly, it has meant more to me 

as my research has progressed!  Dr. Charles Garner, thank you for your resolute 

attempts to instruct me in organic spectroscopy, although my Dr. Seuss reference still 

holds!  Dr. Brad Keele, thank you for your fantastic course in neurophysiology.  

Through the experience, you helped broaden my limited horizons.  Strangely, I might 

have never attempted a Ph.D. in physical chemistry if you hadn’t reminded me of my 

love for a great challenge.  Dr. Stephen Gipson, Dr. David Young, Dr. Dennis Rabbe, 

and Dr. Karalyn Humphrey, I so appreciate the opportunities I had to teach with you 

and learn new and improved ways to instruct others in the ways of chemistry.  By 

teaching, I discovered what I had really learned!  Dr. Rabbe and Dr. Humphrey, thank 

you both for supporting me in my process here and letting me “experiment with” your 

students!  Dr. Humphrey, you have been a true friend.  Many frank discussions with you 

have resulted in my decision to persevere on different occasions.  Nancy Kallus, thank 



 

xii 
 

you for supporting and guiding me through so many of the graduate school hurdles.  

Adonna Post Cook, your little cartoons in our weekly newsletter and your cheerfulness 

upon seeing me provided me with a frequent spiritual lift.  Virginia Hynek, I wouldn’t 

have been able to design, build, or research anything without your dedication.  Thank 

you, ladies.  Additionally, assistance from Jerry Milner in the science center’s electrical 

shop, Milton Luedke and Joe McCollough in the science center’s instrument shop, and 

Ashley Orr in the engineering instrument shop at Baylor University.  All of you were 

involved in the construction of the molecular beam apparatus and I gratefully 

acknowledge your skill, effort and assistance.  Dr. Kevin Chambliss and Dr. Peter van 

Walsum, you are my Pied Pipers!  Thank you for believing in me and encouraging me 

to explore new worlds.  Last but never least, Dr. Darrin Bellert, your love of 

experimental physical chemistry was evident and infectious.  I really enjoyed the laser 

spectroscopy course.  The topic was timely and informative.  Your creative ways of 

treating the material made learning all the more fascinating.  I found myself desiring 

more learning…that desire will remain for the rest of my days. 

Moreover, Dr. Bellert, my research adviser, I don’t know where to start in 

expressing my abiding gratitude for your efforts and energies.  We haven’t always seen 

eye to eye, but I am immensely grateful for your enthusiasm and unlimited store of 

talent in the lab, frequently to undo what had been done!  Your guidance was 

invaluable.  Your council, often offered over my concerns, was wise and appreciated.  I 

respect you for taking on the challenge of research in an area that wasn’t your initial 

expertise.  I frequently lost sight of what a monumental task it was to guide Jason and 

me through this research.  Thank you for persevering with me through an unrelenting 



 

xiii 
 

learning process that was frequently accented with frustration, but in the end has been 

gloriously celebrated every time we get a spectrum out of a fantastic and evolving 

instrument!  We stayed on target! 

Ivanna Laboren and Otsmar Villarroel, the instrument is your inheritance and I 

know you will do great and wonderful experiments using it.  Keep your humor and your 

beautiful vision of research as you journey through your experiences here.  May your 

efforts always be fruitful!  Miss Sarah Frey, your journey is just beginning.  Stay the 

course; I know your energy will carry you through.  Soon, you will prove to yourself 

that you are the wonderful scientist I already know you are.  Your presence in the lab 

was so refreshing! 

Jason Dee, I will always have in my scientific heart a place that only you can 

occupy.  You were my partner in all aspects of this journey.  You brought a great wealth 

of insight into the research process and to the topic of chemistry, and I hope someday to 

emulate your example. 

Yasnahir Perez-Delgado, Tiffany Hayden, Tricia Diamond and Melinda 

Rauschhuber, my bling sisters, I express my thanks for reminding me that my creativity 

had a place here.  I will never forget clandestine trips to the bead shop and girls’ nights 

out!  Yany, you were and are my spiritual sister in this process.  Thank you for helping 

me to stick with the schedule and reminding me to breathe! 

Jose Boquin, you were a phenomenal study partner.  Your vision of all things 

organic and inorganic, your sense of humor and your friendship were unanticipated 

blessings.  Salvatruce, para ti, el mundo! 



 

xiv 
 

I thank Dr. Juan G. Navea for tutoring me during my first semester in physical 

chemistry.  I would have missed the fabulous challenge of my whole Ph.D. process, if 

you had not helped me see it!  Also, your instruction in when and where to employ the 

“quantum” face was invaluable! 

Cindy Schoeppel, Carla Gibbs and Mary Ann Cody, I want to thank you for 

your loving support, listening to whispered fears or expressed terrors, and reminding me 

that there was something more significant in this experience than those concerns.  For 

many wonderful discussions about life and perseverance, Lee Ann Burgess, Ammie 

Whaley, Ludi Reveles, Ruth Cassidy and Kay Brunner, thank you all for listening to me 

and offering words of encouragement.  Mary Glidewell, you reminded me each time we 

met that there is a reason to hope.  The spirit of St. Francis blesses you! 

My everlasting thanks and love to my mother, Deloris Cole, my sister, 

Guinevere White, her husband, Joe Ed White, and my mother in law, Mary Ballou, for 

respite from the grind, emails of support, love and humor.  Mom, I know my frequent 

focus on this process to the exclusion of all else might have been a bit extreme at times.  

Thank you for reminding me of the more important things in life.  Gug and Jed, thank 

you for vacations in Santa Fe, good green chile, late night movies, and trips to Whole 

Foods; who could ask for more?  Mary, thank you for your sense of humor, which jives 

with my own!  Your emails and tenderloin are the tops!  I love you guys. 

Jeff Castleberry, you are my rock, my anchor, and my love.  You are a “Master 

of Science”!!  Thank you for everything.  Words fail to express the depths of my love 

and respect for you, as a man, as my husband and as my best friend.  Your perspective 

and council throughout this journey were ingenious!  Thank you most kindly for 



 

xv 
 

picking up much of the “heavy lifting” around our home, for building the plate polisher 

for my project, and for countless ideas and solutions to issues that Darrin, Jason and I  

encountered as we constructed this instrument.  You have your mother’s sense of 

humor, and your quick wit and light-hearted commentary on some of my experiences at 

Baylor helped me keep it all in perspective.  You have supported me in all of my ways; 

and through our relationship, I know I am an ever-improving version of myself.  You 

are my favorite person in this wonderful world in which we live.  I count myself blessed 

to be your companion. 

  



 

xvi 
 

 
 

DEDICATION 
 
 
 
 
 
 
 

Dr. David Labrie, PhD, for a love of science and learning. 
 

Dr. Lindy Benson, OD, for a love of life. 
 

My grandmother, Flo Mary Luton, through surviving the great depression you 
developed your resourcefulness to a high art.  My love of plants and my ability to 

troubleshoot are direct effects of being by your side during the summers of my youth. 
 

Dr. Ralph Cole, PhD, my father.  I now understand in ways I never could had I not 
taken on this monumental challenge.  My degree is a small external mark of a greater 

human experience. 
 

 

 

 

 

 

 

 

  



 

xvii 
 

 
 

EPIGRAPH 
 
 
 
 
 
 
 
 

No road is too long for him who advances slowly and does not hurry, and no attainment 
is beyond his reach who equips himself with patience to achieve it. 
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CHAPTER ONE 
 

Introduction 
 
 

Mass Spectrometry 
 

Mass Spectrometry is a generalized term describing a technique concerned 

primarily with separating ionized molecules, or their ionic fragments, based on the ratio 

of the particle’s mass to charge (m/z).  Historically, mass spectrometry was engendered 

in the world of physics.  In fact, at the turn of the last century, J. J. Thompson 

“invented” the first mass spectrometer with his development of a magnetic deflection 

mass spectrometer.1–3  In the early 20th century, mass spectrometry was used to 

determine atomic masses; and, the existence of isotopes was one of its first 

contributions to science.  In the mid to late 20th century, the technique began to be 

embraced by chemists, as their understanding of complex molecular fragmentation 

grew.2  More recently, new ionization techniques have permitted the characterization of 

a wider variety of polar, ionic or high molecular weight compounds previously 

unexamined using mass spectrometry; thus, the range of possible molecular study 

candidates has greatly increased.1  In particular, ion sources in molecular biology 

provide the capability of generating ions from high molecular weight peptides and other 

large bio-molecules through matrix-assisted laser desorption/ionization (MALDI) and 

electrospray ionization (ESI).4  Also, the emergence of fast digital electronics, plane ion 

detection and increasing computational speed provide for a huge variety of potential 

mass analyzing systems to utilize for the many varieties of investigational necessities.1 
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A mass spectrum can be generalized in the following manner (see Figure 1):  a 

compound is ionized (i.e. through laser absorption, electron impact, or laser desorption); 

the newly formed ions are introduced into a vacuum; the ions are separated into m/z 

packets through the mass analyzer; and these packets are detected, generating an m/z 

spectrum for interpretation.  Using the spectral intensities, each ion’s abundance can be 

stipulated within the sample.  Also, molecular information can be gleaned from these 

spectra.  For instance, the m/z ratio of these ions can be measured very accurately by 

electrostatic acceleration and magnetic field perturbation,  

 

 
 

Figure 1.  A simplified mass spectrometry process.  The sample is user selected and can be at atmosphere 
or vacuum.  The ion source, mass analyzer and detector will be maintained in vacuum.  Data processing 
can occur on a computer or an oscilloscope. 
 
 
providing a precise molecular weight.  Moreover, ion fragmentation patterns are linked 

to the structure of the molecular ion; thus, a molecule’s fragmentation pattern is like its 

fingerprint.  Mass spectrometry finds widespread usage for confirming a known 

substance or identifying an unknown.  For instance, a known compound’s presence or 

absence can be confirmed via its mass spectrum.  The peaks generated would be 

compared to a mass spectral database.  An unknown compound can be “reconstructed” 

through identification of the molecular ion and/or its fragmentation pattern.  This newly 
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discovered molecule might hold useful properties for drug discovery or industrial 

processes. 

 
Electronic Transitions in Spectroscopy 

 
All of the experimentation in our lab involved techniques centered on or 

initiated by an electronic transition.  These types of transitions involve a necessary and 

quantized amount of energy to change the electron distributions within an atom or 

molecule.  Photons from the UV-visible region possess enough energy to cause a 

redistribution of electrons in the atom or molecule which is manifested as an electronic 

transition. The type of electronic transitions depends on the available valence electrons  

 
Table 1  In each region of the electromagnetic spectrum, the wavelength and energy (in wavenumbers) 

are provided along with a spectroscopic technique that exploits that region of the spectrum. 
 

Radiation Type Wavelength Wavenumber (cm-1) Type of  
Spectroscopy 

Radio/TV ≤1000 m ≥1 × 10-5 NMR 

Microwave ≤10 cm ≥0.1 Rotational 

Infrared ≤1000 μm ≥100 Vibrational 

Visible ≤700 nm ≥14300 Vibronic 

Ultraviolet ≤400 nm ≥25000 Atomic Electronic 

X-Rays ≤1 nm ≥1 × 107 Condensed Matter 

Gamma Rays 0.1 Å ≥1 × 109 Nuclear Transitions 

 
 
in the atom or molecule.  Table 1 offers a reference for the wavelengths and energies 

found in this and other regions of the electromagnetic spectrum along with the 

spectroscopy typical to each region. 
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The electronic structure of any molecule or atom is quantized.  Quantization 

means the possible energies of each electronic state are limited to a discrete set of 

values by which the electron’s energy can vary.  This quantization depends on the 

particular energy level spacing, the number of states the electron can occupy and is 

related to the chemical nature (bonding) of the atom or molecule.  In electronic 

spectroscopy, the various states produced by the quantized nature of the molecule or 

atom are often probed via electromagnetic radiation.  The technique selected will be 

based on the electronic interactions with the incoming radiation.  Some general 

techniques are explained below. 

 
Emission and absorption spectra.  In emission spectroscopy, the electrons 

undergo transitions from various excited states of the atom or molecule to lower energy 

states.  The electrons emit photons during the transition, which are detected in these 

events.  Therefore, the detectors for emission spectroscopy would be highly sensitive to 

light and detect the electronic emission by orientation:  in specular reflections, the angle 

of incidence equals the angle of reflection; whereas in diffuse reflection, the detected 

radiation would be all other angles off of the laser entrance path.5  A sample spectrum, 

along with the state transitions is presented in Figure 2, below. 

Absorption spectra are produced when continuous radiation is passed through a 

sample.  These spectra will contain a series of black lines, or absorption bands, where 

the sample has absorbed the light of a certain wavelength.  These absorptions 

correspond to energy levels of the atom or molecule.  Absorption spectroscopy is 

explained by the Lambert-Beer Law: 

A=∈Cℓ      (1.1) 
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where A is the absorbance, ∈ is the extinction coefficient of the sample (the extinction 

coefficient is a value that represents how strongly a particular sample absorbs light of a 

particular wavelength), C is the sample concentration and ℓ is the path length of the cell.  

The intensity of the radiation will decrease as it passes through the sample.  This 

decrease can be measured by comparing the spectrum of an empty reference cell to that 

of the sample cell.  An example of an absorption spectrum is seen in Figure 2. 

Both of these types of spectroscopic techniques reveal energy levels within the 

compound of interest or can be used to distinguish isomeric conformations.  

Furthermore, emission or absorption spectroscopy can be employed to determine the  

 

 
 
Figure 2  On the left are the emission and absorption spectra.  The emission spectrum of the sample 
shows the lines at specific wavelengths emitted by the electrons as they return to the ground state.  The 
absorption spectrum uses a continuous source to illuminate the sample and the black lines indicate at 
which wavelength the sample absorbs the radiant energy.  The Jablonski diagram shows the molecular 
state of the sample.  The Jablonski diagram was taken, in part, from Laidler, et al.’s Physical Chemistry.5 
 
 
concentration of a particular compound within an unknown.  More colloquially, these 

types of electronic transitions are the basis for lasers and fluorescent light fixtures.6  

Figure 2 depicts a Jablonski diagram paired with an example of an emission spectrum 
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and an absorption spectrum.  The emission and absorption spectra are of the same 

compound.  The Jablonski diagram presents how the molecular states are accessed by 

the two different spectroscopic techniques described above.  In the figure, the wavy 

arrows represent radiationless transitions (those transitions that are not detected).  The 

straight upward oriented arrows correspond to the molecular absorption and the 

downward arrows are the emission transitions. 

 
Photoionization spectra.  An extreme case of an electronic transition results in 

photoionization.  The incoming photon energy is sufficient to eject an electron from its 

orbital (see Figure 3 for a simple diagram of photoionization).  To detect these events, a 

 

 
 
Figure 3  Here the molecule or atom exists on the left.  In the middle picture, the molecule or atom has 
encountered a photon of sufficient energy to eject an electron, thus ionizing the particle.  The newly 
formed cation is represented on the right.  Cations can be formed by collisions as well as absorbing 
radiation.  Anions, on the other hand, are formed when an electron is “added” to an empty shell. 
 
 
highly sensitive device, such as a microchannel plate or a CCD (charge–coupled 

device), is required.  In contrast to emission or absorption spectra, the researcher would 

observe an atomic ion/molecular ion signal or an electronic signal (or both, as in the 

case of the photoelectron-photoion-coincidence [PEPICO] technique where both the ion 

and its electron are simultaneously detected7), as the charged particle impinges on the 
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detector’s surface.  Figure 4 is a diagram of two color photoionization.  In the figure, 

the photon represented by hν2 will be a fixed frequency, while that of hν1 would be from 

a tunable radiation source.  Once the combination of photons equals or exceeds the  

 

 
 

Figure 4  This is a depiction of two color photoionization.  The photoionization process involves a single 
electron being ejected from an atom or molecule following the absorption of a photon, or a combination 
of photons. 
 
 
ionization potential of the atom or molecule, the electron will be ejected.  Any residual 

energy remaining with the outgoing electron would represent the balance between the 

energy supplied by the photon and the binding energy of the electron plus the excitation 

energy of the residual ion.  A photoelectron spectrum is characterized by a discrete set 

of peaks.  Each peak is related with a particular state of the residual ion. Information on 

the excitation state of the ion following photoionization can also be obtained by 

monitoring any fluorescence produced by the radiative decay of the state.  Increasing 

knowledge of orbital energies and the bonding characteristics of particular electrons are 

gleaned from photoionization spectroscopy. 
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Photodissociation spectra.  Another result of molecular electronic excitement is 

molecular dissociation, or the breaking of chemical bonds through absorption of light 

energy.  The photon excites the molecule to a state that is more energetic than the  

 

 
 

Figure 5  In this representation of photodissociation, the laser, in purple, enters from the left.  It 
encounters the molecular bond, is absorbed and provides enough energy to overcome the bonding energy, 
resulting in two fragments. 
 
 
separated fragments.  The dissociation energy provides a measure of chemical bond 

strength.  Hence, the stronger the bond, the more photon energy will be required to 

break it.5, 8  Figure 5 presents a straightforward image of photodissociation.  A 

qualitative Morse potential diagram demonstrating photodissociation is shown in Figure 

6.  Here, the photon energy has accessed a dissociative state of the molecule, MX.  The 

molecule fragments because the photon energy equals or exceeds that molecule’s 

dissociative energy. 

The types of electronic spectroscopy utilized in the studies reported in this 

document fall into the photoionization and photodissociation categories.  Rydberg 

spectroscopy, which is a type of photoionization spectroscopy, is used to generate the 

spectra presented in Chapter four.  In Chapter five, photo-ablation, which produces gas 

phase ionic metal atoms, initiates the formation of molecular subjects for reactive  
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Figure 6  A simple Morse potential diagramming how a photon could induce a dissociative state in a 
molecule, MX, to produce a charged fragment, M+, an electron, e-, and a neutral, X. 

 
 

studies.  The reaction culminates in a dissociative event catalyzed by the presence of the 

metal ion in the complex.  We measure the reaction rate constants of such reactions.  

More complete explanations are found later in the respective chapters. 

 
The Value of Kinetic Studies 

 
Chemical kinetics deals with the time dependent changes that occur within a 

chemical system.  These changes depend on factors such as temperature or pressure and 

can occur in the gas phase, liquid phase, solid phase or some interface between the 

phases.9, 10  An understanding of kinetics provides information needed to deduce a 

potential mechanism.  The importance of kinetics processes to scientific branches is 

listed in Table 2. 

Chemical reactions can be represented in the form of an equation.  However, the 

notion of reactants leading to products is rather simplistic. Actual molecular 

occurrences are typically not represented in this basic chemical reaction equation.  For  
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Table 2  How kinetics plays a part in other scientific divisions.  These examples are not 
limited to chemical kinetics, of course, but are related.  The information in this table is 

taken in part from Laidler’s Chemical Kinetics, 3rd Ed.9 
 

Scientific Discipline Relevance of kinetics to discipline 

Biochemistry Enzyme activities, processes 

Biology Physiological processes (metabolism or digestion) 

Chemical Engineering Reactor design 

Electrochemistry Electrode processes 

Geology Flow processes 

Inorganic Chemistry Reaction mechanisms 

Mechanical Engineering Physical metallurgy 

Organic Chemistry Reaction mechanisms 

Pharmacology Drug actions/lifetimes 

Physics Viscosity, diffusion, nuclear processes 

Psychology Subjective time, memory 

 
 
example, the chemical equation of a reaction appears as: 

 2N2O5→2N2O4 + O2
 (1.2) 

The steps in the process, called elementary reactions, comprise a mechanism, of which 

the equation only represents the reactants and products.  The following are those 

elementary reactions that might be “hidden” within the chemical reaction equation 

1.2.11 

 N2O5 ↔NO2 + NO3
 (1.3) 

 NO2 + NO3 → NO2 + O2 + NO (1.4) 

 NO + N2O5 → 3NO2
 (1.5) 
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 NO2 + NO2 → N2O4
 (1.6) 

Each of these elementary steps is proposed to be a part of the reaction’s overall 

mechanism, which indicates a path the reactants may follow to produce products.12   

Kinetics is the branch of chemistry that is chiefly concerned with reaction rates.  The 

Arrhenius relationship is the cornerstone feature of chemical kinetics.  It establishes a 

temperature dependence of reaction rate constants in terms of activation energies.  The 

Arrhenius equation is, 

 ( )
a

B

E
k Tk T Ae

 
    (1.7) 

where k (T) is the reaction rate constant at a specific temperature, T, A is the pre-

exponential factor, Ea is the activation energy, kB is the Boltzmann constant and T is the 

temperature in Kelvin.  In the remainder of this document, all reported units will be S. 

I., unless otherwise noted. 

For a reaction to take place, the reactant molecule must overcome a reaction 

barrier.  Thus, it has to acquire internal energy whether by an elevation in the ambient 

temperature of the system, an increase in the system’s pressure or an encounter with 

electromagnetic radiation (thus increasing the internal energy of the molecule). 

Gas phase ions in our reactions will be formed in low-pressure conditions and, 

because of the Arrhenius relationship, we know that temperature is related to the 

internal energy carried by the molecule (how “hot” or “cool” the ion is)13; therefore, we 

know the newly formed ions are cold and will contain only a small amount of internal 

energy.  Through our experiment, we provide the internal energy to the molecular 

systems via absorption of tuned laser radiation.  This laser energy permits us to 
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investigate the reaction dynamics of unimolecular dissociation.  Measuring these 

kinetics reactions is the topic of Chapter five. 

 
Unimolecular Reactions 
 

Unimolecular reactions are understood to have one reactant, justifying the name.  

They are systems that evolve with time as a result of an initial perturbation, such as 

laser excitation.  If these reactions are to proceed, this perturbation must access the 

reactant molecule’s energy levels.  To continue this discussion of unimolecular 

reactions, understanding these energy levels, and their role in molecular dynamics, will 

be expanded with a very basic review of the quantum mechanics behind them. 

 
Quantum review for kinetics studies.  Within molecular systems, there are 

modes of motion.  Scientists classify them as translational, rotational, vibrational, and 

electronic modes, as well as combinations therein.  Some of these motions are nuclear, 

and are considered slow in comparison with motions associated with the much lighter 

electrons.  The concept of separating these two particular motions by their origins is the 

Born–Oppenheimer approximation.  Simply stated, the Born–Oppenheimer 

approximation or principle permits mathematical separation of the electronic motions 

from nuclear motions.  The result of this treatment is that an electronic wave function 

can be calculated for any specific static nuclear structure or position. 

To consider the energies present in a molecular system, we look to the classical 

Hamiltonian, which is defined as 

H = T + V     (1.8) 
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where H is the sum of the system’s kinetic (T) and potential (V) energies.  This general 

definition is a good start, but it treats the system’s energy as a continuum.  For our 

molecular system, each energy level will absorb only a specific amount of energy at a 

particular frequency and is therefore quantized.  So, in view of the existence of 

quantized energy levels within the molecule, the system’s energy is described by 

ĤΨ = EΨ     (1.9) 

where Ĥ is the Hamiltonian operator and contains the series of mathematical operations 

to be done so that the total energy of the system, E, can be calculated.  The Ψ represents 

the electronic wave function.  This equation is known as the time-independent 

Schrödinger equation. 

Referring to the Born–Oppenheimer principle, to define it mathematically, the 

time-independent Schrödinger equation must be employed; and, the form of the 

equation will be 

ˆ ˆ ˆ( )N e NN ee NeH T T V V V E            (1.10) 

where N̂T  and êT  are the kinetic energy operators of the nuclei and the electrons, 

respectively, VNN and Vee deal with the repulsive electrostatic potential energy of the 

nuclei and the electrons, respectively, and VNe is the attractive electrostatic potential 

energy between the nuclei and the electrons.  At this point, the total molecular wave 

function Ψ can be written as a product of an electronic wave function Ψe and a nuclear 

wave function ΨN: 

( , ) ( )e NR r R         (1.11) 

With this treatment, Ψe depends on both the nuclear coordinates R and electronic 

coordinates r, whereas ΨN only depends on the R coordinates.  From here, the electronic 
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wave function Ψe becomes a solution to the electronic Schrödinger equation, describing 

the electronic motion.  When solved, it provides the electronic energy Ee(R) for that 

specific configuration. 

ˆ ˆ ˆ( ) ( , ) ( ) ( , )e ee Ne e e eT V V R r E R R r        (1.12) 

Likewise, the wave function ΨN is the solution to the nuclear Schrödinger equation and 

takes the form: 

ˆ ( ) ( ) ( )N N NT V R R E R         (1.13) 

Here, the parenthetical term ˆ ( )NT V R    is the quantum mechanical operator 

representing the translational, vibrational and rotational motion of the molecule.  To 

solve for the vibrational and rotational energy of the molecule, the translational motion 

energy is removed from the nuclear kinetic energy N̂T  by eliminating the center of mass 

portion.  Thus, the solution will now yield the energies of vibrational and rotational 

motions.  Activating these energies in our molecular system initiates the unimolecular 

processes in our research.14-16 

 
General unimolecular reaction introduction.  Again, unimolecular reactions are 

those in which the rate of the reaction depends only upon one reactant.10  Two primary 

examples of unimolecular reactions are dissociation and isomerization.  Some reactants 

and their respective products representing these two types of unimolecular reactions are 

given in Table 3.  

Our research involves the unimolecular reactions of dissociating organometallic 

complexes to produce fragments.  These fragments carry the internal energy of the 

parent or precursor in the form of kinetic energy. 
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Table 3  Some examples of isomerization and dissociation unimolecular reactions. 
The data in this table is composed of information from W. C. Gardiner’s  

Rates and Mechanisms of Chemical Reactions.12 
 

 
Isomerization:  A→B 

 

 
Dissociation:  A→B+C 

 
 

cis-2-butene→trans-2-butene 
 

N2O5→NO2+NO3 
 

CH3NC→CH3CN 
 

CO2→CO+O 
 

Unimolecular reactions are designated by the equation 

[A] = [A0]e
-kt     (1.14) 

where [A0] is the concentration of species A at time, t=0, k is the unimolecular rate 

constant.  The molecular complex, [A0], must have sufficient internal energy to 

dissociate or isomerize. In a unimolecular reaction, k is dependent on the internal 

energy of [A0]; and, reactant depletion will occur in exponential fashion.  In our system, 

we supply the internal energy to the precursor [A0] with sufficient energy to induce a 

dissociative reaction and monitor the detectable fragment ions.  By undertaking these 

reaction studies, information can be gathered about the system’s progression rate 

towards products, the primary products of the reaction15, and the various state energies 

of those products.17  In Chapter five, our technique for determining rate constants of a 

specific type of unimolecular reaction will be discussed. 

 The following chapters outline the significance of our chosen technique 

(Chapter two), the design and construction of the instrument (Chapter three), and, 

finally, some of the published material that resulted from employing the instrument.  It 

is the novel application of our instrument that is the most important point of all of our 

efforts.  
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CHAPTER TWO 

 
Experimental Background 

 
 

Time of Flight Spectroscopy 
 

Although Time of Flight mass spectroscopy (TOFMS) has recently gained 

popularity because of its natural pairing with MALDI, it is one of the oldest mass 

spectrometric techniques.  It was originally proposed by W. E. Stephens18 in 1946, and 

shortly thereafter, the first spectra were presented with mass resolution around 5 by 

Cameron and Eggers.19  In 1955, Wiley and McLaren presented their focusing 

technique.20  Their modification, which is discussed later in this chapter, provided 

TOFMS with a practical resolving power (~300).  This meant the instrument could be 

marketed as a useful laboratory mass spectrometer.21 

Modern TOFMS instrumentation offers advantages in that it can create a 

complete, high resolution mass spectrum relatively quickly (in s) and is a highly 

sensitive process.  Because of the speed with which a spectrum is generated in a 

TOFMS, the user can study how the relative ionic intensities within the beam vary in 

response to changing ion source (where the ions are produced) conditions.20  In 

addition, one can measure these relative intensities very accurately, even if those source 

conditions are varying unpredictably.  Moreover, TOFMS instrumentation can be 

economically tailored to many different experimental needs.  Since its accuracy is based 

on electronics, rather than mechanical alignment or highly uniform magnetic/electric 

fields, a TOFMS instrument, being free of these geometric constraints, is much less 

complicated to construct.20  It is based on a rather simple premise:  TOFMS separates 
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ions using an acceleration field which imparts the same kinetic energy to a group of 

ions; however, the ions’ final velocity is inversely proportional to the mass to charge 

ratio (m/z).  This aspect permits separation. 

Kinetic energy (KE) is defined by 

KE = ½mv2,     (2.1) 

where m is the molecular mass (kg) and v is the velocity of the ion (m/s).  Any time a 

charged particle “falls” through a potential field, the field transfers kinetic energy to the 

particle.  The KE imparted to the ion is represented by a combination of the ion’s 

charge, q, in coulombs and the acceleration (or electric field) potential, V, in volts per 

meter.  So, Equation 2.1 becomes, 

qV = ½mv2.     (2.2) 

The final velocity can be calculated by rearranging Equation 2.2 to give Equation 2.322: 

2qV
v

m
 ,          (2.3) 

 
Below, Table 4 shows some sample ionic velocities (m/s) when different potentials are 

selected on the acceleration region in our instrument.  As the table values imply,  

 
Table 4  Final ion velocities, in meters per second (m/s), also known as 

drift velocities, at different potential settings supplied to the acceleration region. 
 

Molecule 1500 V 1750 V 2000 V 

58Ni+ 67510.5 71919.5 77954.1 

60Ni+ 66375.7 71693.9 76643.9 

58NiOC(CH3)2
+ 47737.1 51561.9 55121.9 
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significant separation between the masses occurs.  These values also provided an 

appearance window for each species’ arrival time the first time they were employed for 

studies.  Furthermore, the values indicate the wide range of masses that can be viewed 

in a mass spectrum. 

 
Resolution 
 

The resolution of any instrument can be defined by its ability to separate two 

spectral lines that are very close in mass.  Qualitatively, if the lines are very tightly 

spaced and the difference can still be easily deduced, the instrument’s resolution is 

considered high.  Typically, a high resolution instrument is arbitrarily defined as one 

that can separate masses greater than 3000m/z.23  Most often, these high resolution 

instruments are employed for elemental analysis in analytical laboratories where 

resolution becomes a major challenge in distinguishing between some species within a 

spectrum.  An example of our instrumental resolution is seen in Figure 7.  This mass 

spectrum of the nickel benzene (Ni+•Bz) complex shows clearly resolved isotopic 

masses. 

Resolution is calculated as a ratio of a selected peak’s mass to the difference in 

adjacent peak distance or to its peak width.  Equation 2.4 defines mass resolution (r) as  

,
m

r
m




          (2.4) 

where m is the reduced mass of two adjacent peaks and m is the difference in the 

masses of the two peaks.23  Resolution can also be defined, using Equation 2.4, but 

where m is the mass number of the representative molecular peak and m is the width 

of the peak, defined as full width at half of the maximum height of the representative  
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Figure 7  Ni+•Bz complex mass spectrum.  The isotopic distributions can be clearly observed in the 
atomic and first complex.  According to the literature, the natural abundances of the two major nickel 
isotopes are 58Ni ~ 68% and 60Ni ~ 26%24, both of which can be observed in this spectrum. 
 
 
peak (FWHM).22  Also, the peak width typically increases proportionally with mass; 

thus, the measured resolution in any other non-TOF mass spectrometers will remain 

constant for any molecular mass.  For comparison purposes, Figure 8 shows a mass 

spectrum of cyclohexane obtained by electron impact mass spectrometry (GC-MS).  

The mass peak is the ionized parent molecule, represented by the letter “M”.  The other 

peaks give the fragmentation pattern, or “fingerprint” of this compound.  The primary 

fragment produced in the ionization of cyclohexane is the C4H8
+ daughter, based on the 

peak’s intensity.  This peak is referred to as the base peak of the spectrum.  Any neutral 

fragments will not be detected (more on detection later). 

In TOFMS, however, the spectrum is generated in the time domain and 

molecular arrival time changes with different instrumental settings.  Therefore, a more 

appropriate measure of resolution in TOFMS would be 
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,
2 FWHM

t
r

t



          (2.5) 

with t representing the time of flight of a particular molecule and the time interval, t

FWHM, is the dispersion in the arrival times or the peak width (FWHM).  To move from  

 
 
Figure 8  The mass spectrum of cyclohexane by electron impact (EI) from Silverstein, et. al.23.  The x-
axis displays the mass to charge ratio of the arriving fragment.  The base peak is the most intense peak in 
the spectrum.  Cyclohexane’s base peak appears at m/z 56, due to the loss of C2H4.  The mass peak, 
although less intense than the base peak, still exhibits a significant prominence at m/z 84. 
 
 
the mass domain to the time domain, the relationship between mass and time must be 

established.  Using equation 2.1, we see that m   t2, thus we can infer that m = At2.  

Differentiating with respect to time, dm
dt = 2At where A is a constant.  The relationship 

t
dt

m
dm 2  can be further developed to portray the correlation between time and mass 

resolution, as follows1: 

2

m t

m t


 
     (2.6) 
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Using the 58Ni+Ac arrival time of 45.92 s from Figure 9 and the t FWHM, (~0.05 s) 

the instrument’s resolution is ~500 for a molecule of m/z = 116.  Figure 9 presents a 

portion of Ni+Ac spectrum with the resolution concept diagrammed.  Furthermore, for 

our instrument, a resolution of 500 means we can distinguish two distinct mass peaks at 

116 m/z if they are only ~0.13 mass units apart.  This is more than sufficient resolution 

to distinguish between the Ni+ isotopes. 

 
Resolution Improvements 
 
 

Two-field acceleration region.  The original basic TOFMS consisted of an ion 

source and a detector placed at opposite ends of an evacuated flight tube (see Figure 

10a).  In 1955, W. C. Wiley and I. H. McLaren proposed a two stage acceleration region 

to compensate for two of TOFMS’ greatest drawbacks, which were the initial time and 

energy spread of the ions.  The acceleration of the plume of ions without attempting to 

compensate for the time and energy distributions diminished resolution.  These two 

issues are the competing needs of the time (or space) resolution, and the velocity (or 

energy) resolution.  Wiley and McLaren’s two field source provided a higher resolution 

compromise between resolution issues prevalent with the current TOFMS designs.20 

 
Space and energy resolution.  Space resolution can be thought of by the 

following analogy:  ions with a given initial velocity, v0, though starting at slightly 

different positions in a force field, will all arrive at the detector at the same time.  

Specifically, it is the ability of the two field TOFMS to compensate for the spread 

caused by the different start positions within the force field that is referred to as spatial 

resolution.25  Energy resolution is related to the initial internal energy, U0, of the ion  
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Figure 9  This enhanced portion of a spectrum from our instrument displays the Ni+ Acetone title 
molecule in the time domain.  The arrows indicate the Full Width at Half Maximum height measurement 
(FWHM) on the Ni+ Acetone peak.  The 60Ni+ isotopic complex can be clearly distinguished from the 
58Ni+ complex. 
 
 
when it was formed in the source.  Energy resolution can be understood as ions starting 

at the same point with slightly different initial velocities in a force field.  Although they 

have dissimilar initial velocities, they will still arrive and be detected coincidently.26  

The two stage accelerator’s ability to compensate for these nonzero initial velocities 

(caused by a Boltzmann distribution of U0) is called its energy resolution.25 

The advantage of using the two accelerating fields is the resolving power that 

corrects for the initial velocity distribution.20  When ions are created in a source 

chamber, they are generated with a variety of initial velocities.  For example, a pair of 

identical ions (represented by  and  in Figure 10b) formed at the same position, with 

the same initial speed, but opposite velocities, even though the acceleration potential 

imparts kinetic energy to the ions, these two ions would form the head and tail of a 

rather broad mass peak.1  This condition, referred to as the ‘turnaround time’, is the  
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Figure 10  (a) Simplified diagram of an early TOFMS with a single acceleration region that is 
simultaneous with the ionization region.21 (b) Basic geometry of the TOF mass spectrometer described by 
Wiley and McLaren20 with the two acceleration fields called the source backing plate and the acceleration 
region.  The field potentials are represented by Es and Ed. 
 
 
mass dependent term depicting the maximum contribution of the ions’ initial velocity to 

their final arrival time distribution.27  The turnaround time for an ion in the system can 

be calculated by1: 

Eq

mU
t 022

      (2.7) 

with m representing the ion’s mass (kg), U0 is the initial internal energy, E is the electric 

field potential (V/m), and q is the charge (C).  Assume the ion’s internal energy is 40 
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meV (6.4x10-21J)  Typical turnaround times for molecules in our system at different 

acceleration region settings are displayed in Table 5.  Wiley and McLaren’s two field 

acceleration region compensated for this turnaround time, thus resolving masses 

spatially.  This ability of the TOFMS to spatially focus an ion packet relies on the fact 

that the ion closer to the detector will receive less energy, while the ion furthest away 

from the detector will have more kinetic energy imparted to it.  Thus, those ions of the 

same m/z residing further from the detector will eventually overtake the initial  

 
Table 5  Turnaround times, in nanoseconds, for typical molecules within our instrument.  The seven 
plates of our acceleration region distribute the potential in such a way that each ion further from the 

detector will receive a proportionally larger amount of energy and each ion closer to the detector will 
receive a proportionally smaller amount of energy. 

 
Molecule 1500 V 1750 V 2000 V 

58Ni+ 19.6 16.8 14.7 

58NiCO+ 23.8 20.4 17.9 

58NiOC(CH3)2
+ 27.7 23.7 20.7 

 

ions at some point (the focus, which optimally is the detector) in the drift tube.20  The 

variability in the two fields supplies an element of control in the focal plane of the ion 

packet, thus allowing the focus of the ion packet to be placed on the detector.  Turn-

around times, unless compensated for, dictate the minimum peak width.  As the data in 

Table 5 indicates, the calculated ion turn-around times in our system are small.  

Moreover, as the acceleration region’s potential is increased, the turn-around time 

decreases.  The increasing potentials proportionally (see Table 4) push the ions out of 

the acceleration region at much higher velocities.  The higher velocities allow for less 
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free flight time (refer to Table 6 for field free flight times) and, therefore, less time for 

the packet to spread. 

The drift time can be calculated by Equation 2.8, where m is mass of the ion, 0U

is the initial translational energy of the ion at initial time and position (J), q is the charge 

(C), E is the electric field strength (V/m), sa is the deviation from the average initial 

position to the drift region (m) (measured from the exit of the acceleration region), and 

D is the field free drift distance in meters1: 

t = 
1/2 1/2 1/2 1/2

0 0
1/2

0

(2 ) [( ) ] (2 )

2( )
a

a

m U qEs U m D

qE U qEs

 



.  (2.8) 

Using the Ni+Acetone (116 m/z) cation (1.93x10-25kg), we can calculate drift time, using 

the instrumental values.  The approximate distance from the drift region, sa,   0.06 m.  

Using a field strength of 2.63x104Vm-1 (~1581V/ 0.06m) and drift region = 1.818 

meters, the drift time for this ion is to ~37.6 s.  Table 6 gives some molecular  

 
Table 6  Using Equation 2.8, some field free drift times were calculated for typical 

species in the instrument at different settings on the orthogonal accelerator. 
 

Molecule 1500 V 1750 V 2000 V 

58Ni+ 28.8 s 26.6 s 24.9 s 

58NiCO+ 35.0 s s 30.3 s 

58NiOC(CH3)2
+ 40.7 s 37.6 s 35.2 s 

 
 
drift times at different acceleration region settings.  This information is used in our 

kinetic studies.  The explanation for how this is done will be expanded on in Chapter 

five.  The apparatus will be discussed more thoroughly in the next chapters. 
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All of these timing calculations would be useless, unless they imitated 

experimental values.  Table 7 presents a comparison of some of the organometallic 

complexes investigated in the instrument.  The calculated data, in most cases, 

anticipated fairly accurate total flight times.  The experimental values in the table 

represent only the 58Ni isotope, as do the calculated values.  The 60Ni isotopic fragment 

was also observed in appropriate ratio at slightly higher total flight times. 

 
Instrumental geometry and ion beam management.  Other improvements in 

resolution can be achieved through means of instrument construction and final ion 

velocity.  Although Wiley and McLaren successfully implemented their resolution 

enhancements, additional methods have been explored. 

Reducing or eliminating the turnaround time can be accomplished through two 

methods.  One would be ionization from a surface (i.e. matrix assisted laser desorption 

ionization or MALDI) where the surface would prevent ion velocities from being 

produced in the “negative” direction, or those ions which are initially moving away 

from the detector.  However, some molecular systems don’t lend themselves to surface 

type studies due to their specific characteristics in the vacuum environment. 

Resolution enhancement can also be gained by increasing the drift length.  This 

type of “improvement” must be implemented in the early stages of instrument 

construction, as flight path is dictated by the physical flight tube length.  More practical 

with an existing instrument would be decreasing the ions’ final velocity through 

lowering the electric field potentials applied to the ions as they pass through the 

acceleration region.1, 27  The natural limit to this solution would be coulombic repulsion.  
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The like charges repel one another and perturbate the effects the kinetic energy would 

have on the packet, resulting in a loss of resolution. 

Another resolution enhancement technique for reducing the turnaround time 

would be the use of a supersonic molecular beam source.28  The topic of supersonic 

expansions will be explored in some detail in chapter three. 

In our instrument, we chose to enhance resolution by a gated ion extraction 

through our pulsed acceleration region (OA).  The OA acts as an ion gate because we 

control the timing of its pulse.  By delaying the potential pulse, we allow the entire 

molecular beam to enter the acceleration region prior to applying the potential, thus 

reducing packet spread and peak width.  Furthermore, the potential will repel oppositely 

charged ions away from the detector.  The neutrals will be unaffected by the pulse and 

are left behind.  Not only does this permit selection of a specific ionic species to study, 

but the reduction in ion-neutral collisions will minimize the ion packet spread 

associated with translational energies.29 

Situating the ion source orthogonally to the acceleration region and TOFMS 

permits even more ion selectivity.  Figure 11 displays the TOFMS with an orthogonal 

accelerator (OA-TOFMS) used for all experimentation described in this document.  

Coupling the source and TOFMS via an orthogonal ion gate significantly lessens the 

Maxwell-Boltzmann initial velocity distributions that the ions are subject to when a 

gaseous ion source is coupled directly to the TOFMS.30  The potential dropped across 

our ion gate (OA), can be lowered significantly, which leads to improved resolving 

powers, as more time in the drift region leads to greater ion packet separation.  The 

pulsed OA alternates between the fill mode and the push-out mode.  In the fill mode, all  
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Table 7  An evaluation of experimental and calculated total flight times for the 58Ni cation organic adduct 
molecules tested to date.  All values were gathered using 1750 V on the OA. 

 

Ni+ Organic  Comparison of arrival times 

Acetone Experimental (μs) Calculated (μs) 

Ni+ 31.36 32.67 

NiCO+ 38.20 38.56 

NiOC(CH3)2
+ 44.46 43.87 

Acetaldehyde   

Ni+ 31.36 32.32 

NiCO+ 38.19 38.20 

NiOC2H4
+ 41.63 41.14 

d6-Acetone   

Ni+ 31.49 32.82 

NiCO+ 38.28 38.70 

NiOC(CD3)2
+ 45.61 45.00 

Butanone   

Ni+ 31.35 32.32 

Ni(CH2)2
+ 38.20 38.20 

NiO(CH2)2
+ 41.65 41.14 

NiOC3H4
+ 44.04 43.87 

NiOC4H8
 + 47.10 46.45 
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potential is grounded for a sufficient time to allow all of the ions from the source to fill 

the extraction region.  Once filled the initial push-out plate, which is situated behind the 

ion beam, is driven to the required potential and the ions are “pushed” towards the 

following plate.  This push-out plate model creates a potential gradient that is 

continuous through the stack until the last plate of the stack.  We designed the stack so 

that the potential gradient generated can be varied.  This variability is controlled by an 

external resistor box (more in chapter three).  The final plate in the stack is at ground 

potential.  The combined length of these two regions was designed and the potential 

controlled in such a way as to focus the ion packets on the detector.  As the ion packet 

spread is now normal to the line of flight in the TOFMS, this spread should not degrade 

the resolution, especially when a flat detector is employed.31 

 

 
 
Figure 11  A simple diagram of the custom TOFMS coupled to a main chamber built and used in our 
laboratory. 
 
 

In the following chapters, the instrument (see Figure 11) will be described.  

Chapter three will describe its construction and calibration.  Then, chapters four and 
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five demonstrate its usefulness in atomic copper studies and some kinetic studies of the 

Ni+ Acetone (Ni+Ac) complex. 

Specifically, chapter four is a publication describing the data acquired when the 

instrument was employed in atomic spectroscopy of copper neutrals.  Using a 

multiphoton technique, we prepare and ionize new Rydberg states of copper.  The data 

reveal previously unidentified high energy levels near copper’s ionization potential. 

Chapter five (kinetics studies) is the first publication in a line of many in-depth 

kinetic studies that we explored.  Using the instrument, electronic spectroscopy will be 

conducted in service to molecular kinetics and dynamics.  A photon encounters the 

Ni+·Ac molecule, promoting an electron into an excited state.  We report that the 

excitation must be within the Ni cation, as electronic transitions within acetone are only 

excited by UV radiation, and we employ visible wavelengths in these studies.  In fact, 

the photon energies used are insufficient to cause bond rupture.  Instead, we propose the 

electron intersystem crosses from a 4F state in the nickel cation to the 2D ground state 

and this intersystem crossing event provides the activation energy for dissociation of the 

complex.  We monitor the Ni+CO daughter fragment production and gain insight on 

metal catalyzed reactions occurring within organic molecules. 
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CHAPTER THREE 
 

Experimental Apparatus 
 
 

Expansion Chamber 
 

A Parker-Hannifin General 9 series pulsed valve pulses helium (He) gas across 

the surface of a rotating metal rod within a 120 liter vacuum chamber (refer to Figure 11 

for a general instrumental diagram).  This rod, of known and selected composition, 

provides a source of metal atomic ions via its ablation by an EX5 Gam Excimer laser 

using KrF as an exciplex.  The metal atomic ions are seeded into the plume of He gas 

which undergoes supersonic expansion inside this chamber. 

The use of a supersonic expansion has specific advantages.  One important gain 

is that through the expansion, a molecular beam is created with a well-defined kinetic 

energy.  Another benefit would be the nearly complete conversion of enthalpy into 

directed mass flow.  This leads to molecular beams with extremely low internal 

temperatures; therefore, weakly bound complexes, such as van der Waals molecules,32-

33 can be created and spectroscopically investigated.  Finally, the low internal 

temperature of the molecular beam achieved via the expansion leads to a significant 

reduction in spectral congestion.  This aspect permits spectral characterization of many 

species (i.e. radicals or ions to name a few) which have been mostly impossible to 

examine, otherwise.34  For our purposes, supersonic expansions create cold, stable 

beams for the study of ions or neutrals.  Low temperature, stable beams are vital in our 

experimentation processes, as our studies involve measuring ion/molecule 
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decomposition reactions rate constants, which are a function of on supplied internal 

energy.  Hot beams carry enough internal energy as to obscure or skew our results. 

The significantly cooled beam of He seeded with the molecular species of 

interest is the result of adiabatic expansion.  This type of expansion into vacuum leads 

to the conservation of the sum of the enthalpy and kinetic energy of the gas via, 

21
2( ) ( ( ))H x m u x constant     (3.1) 

where H(x) is the molar enthalpy of the gas at some position x from the expansion point 

and u(x) is the average flow velocity in meters per second at position x.  Due to the 

conserved nature expressed in the equation, the average flow velocity is essentially the 

maximum velocity, umax.  For explanatory purposes, let’s assume the expansion gas is 

an ideal or perfect gas, which is defined by the relationships:  dH = CpdT and the ideal 

gas law, P = ρkT, where ρ is the density of the gas, k is the Boltzmann constant, and T is 

the temperature.  Therefore, assuming the expansion gas is a perfect gas, the enthalpy, 

H(x), can be replaced by the constant-pressure molar heat capacity, Cp, and the 

maximum velocity can be calculated by substitution and rearrangement of Equation 3.1, 

02 p
max

C T
u

m
      (3.2) 

where T0 is the temperature of the gas at the source reservoir (298 K, in this case).  

Using Cp (He) = 20.786 J/mol·K24 , the terminal velocity of our expansion is ~1765 m/s. 

Using the relationships within the perfect gas assumption, the correlation 

between reservoir conditions (P0, T0, ρ0) and final conditions (P1, T1, ρ1) can be 

expressed by the following: 
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  (3.3) 

where γ equals the heat capacity ratio, 
p

v

C

C
, where Cv is the constant volume molar heat 

capacity.  For He, γ is 5
3 .  The base pressure of the main chamber is ~ 71 10 Torr and 

the source reservoir is kept at ~100 psig.  Using the relationships in Equation 3.3, the 

final beam temperature is calculated to be ~1 K. 

 
Orthogonal Accelerator  

 
 

TOF stack and resistor box control 
 

Once the plume has undergone the expansion, a portion of the ion beam is 

collimated through the skimmer into the Wiley-McLaren orthogonal acceleration region 

(OA).  A voltage is pulsed across the OA, imparting kinetic energy to the ions formed in 

the source.  Our OA hardware consists of 7 stainless steel plates, each measuring 5” 

square.  They are stacked onto 1 centimeter Teflon® spacers (Figure 12) and supported 

on stainless steel all-threads in the five-way cross connecting the main chamber to the 

time of flight tube.  There is another five-way cross at the end of the flight tube which 

contains the hemispherical energy analyzer and detector.  Both five-way crosses and the 

TOF tube are maintained around 3x10-8 Torr by two Varian diffusion pumps.  Again, 

the acceleration region is oriented orthogonally to the direction of the incoming ion 

plume.  In the center of each plate, there is a 1” by 3” slot.  The final two elements in 

the stack are a series of two plates “sandwiched” together.  The sandwiched plates have 

a groove cut into them to support a 3¼” outer diameter by 1/16” thick retaining O-ring 
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that holds a thin film of nickel metal mesh in a smooth and straight manner (see Figure 

13).  The mesh is electroformed by Precision Eforming to be exactly 70 wires per inch 

and transmits a maximum of 90% of the beam.  The meshed plates assist in creating a 

constant electric field within the final two plates of the OA. 35, 36  If not addressed, the 

potential field inconsistencies create trajectory dispersions in the ion flight path that 

lead to a broadening of the flight-time distribution.  This distribution can ultimately 

degrade resolution and lower intensity.36 

 

 
 

Figure 12  A schematic of the Time of Flight orthogonal accelerator as it would appear from above.  On 
the far left in the upper corner is a drawing of the Teflon inserts designed to electrically isolate each plate 
in the OA stack.  The curved plates on the left-most end of the stack represent the voltage controlled 
deflector.  The two sandwiched plates immediately behind the deflector contain the mesh.  The plates are 
numbered sequentially with plate one being furthest back in the stack and plate seven being closest to the 
time-of-flight tube.  In this diagram, the ions from the source would enter between the number two and 
number three plates, be accelerated by the potential pulsed on the OA and travel past deflector and into 
the time-of-flight tube.  All plates are resistively connected to one another. 
 
 

The stack was designed to function in a similar manner as a voltage divider.  

Like a simple linear circuit, it produces an output voltage that is a fraction of the input 
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voltage.  This happens because each plate in the stack is resistively connected to the 

next.  Ohm's law states that the voltage (V) across a resistor is proportional to the 

current (I) through it where the constant of proportionality is the resistance (R): 

 V = IR (3.4) 

The stack resistors are in series; therefore, the current through the resistors stays the 

same, but the potential across each resistor is different.  The sum of all of the potential 

differences is equal to the total voltage.  In our system, a potentiometer, or Pot, allows  

 
 
Figure 13  On the left is a standard plate in the stack.  The right image presents half of the mesh 
containing sandwich plate with the retaining O-ring groove shown.  Two of these would be press fit 
together with the O-ring to hold the mesh in a uniform manner. 
 
 
the user to alter the potential distribution across the stack.  The Pot is discussed in more 

detail in the next paragraph.  A Spellman SL150 power supply provides the potential 

that is partitioned out to two main fields within the stack.    There is a low potential field 

and a high potential field.  The spaces between the plates make up the fields in the OA.  

The potential drop across in the spaces between plates one through six represents the 

low field stack potential or VL field.  The spacing between the sixth and seventh plates 
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comprises the high field, or VH field, where the potential drop is the greatest.  When the 

potential is applied to the stack, the resulting electric field occurring between each 

parallel plate in the stack provides the kinetic energy that propels ions toward the 

detector. 

A Pot is a resistive element that acts a variable voltage adjuster or a rheostat.  It 

is constructed using resistive element comprising of resistors in a circular arc and a 

sliding contact (in Figure 14, see Resistor Pot Control) travelling over that arc.  The Pot 

in our lab is a custom designed box containing resistors in parallel and in series.  It sits 

on the outside of the OA - containing five cross.  By adjusting the setting (from 0 to 7),  

 

 
 
Figure 14  On the left is the potentiometer (Pot) schematic.  It can alter the OA stack voltage distribution 
through a series of resistances (R) by sequentially increasing the resistive path.  Altering the resistance in 
the Pot increases or decreases the amount of resistance provided to the final field in the OA stack (RB).  
This change in the resistance alters the voltage on the high field while inversely altering the voltage on 
the low field.  The variation of the voltage ratio between the low potential field of the OA stack (VL) and 
the high field (which is the space between the second to last and last plate) in the stack(VH), is defined by 
the relationship (VH/VL).  The final plate is at ground potential.  On the right is a simple schematic of the 
resistor setup on the TOF (OA) and how the potentiometer is electrically connected to the stack.  Each 
resistor in the stack is 3 kΩ, for a total of 15 kΩ.  Within the Pot, there is a base of 15 kΩ.  Each of the 
settings on the Pot will add 1 kΩ to the total resistance on the RB.  The total resistance begins at 30 kΩ 
when all of the resistors in the Pot control are bypassed (setting 0).  When all of the resistors in the Pot 
are included (setting 7), the resistance is 37 kΩ. 
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the potential drops in the low and high field regions of the stack can be altered in 

relation to one another.  The ratio between the potential differences on the low and high 

fields (VL and VH), which can be varied by the Pot setting, provides a modicum of 

control over the resolution of the accelerated molecular beam onto the detector.  See 

Figure 14 for a diagram of the connection between the OA and the box.  This potential 

difference ratio (VH/VL) can range from 5 to 7.33, depending on the setting selected in 

the Pot.  Table 8 provides potential ratios and the potential drops between high and low 

fields at different Pot settings when the power supply voltage is 1750 V.  When setting  

 
Table 8  How the voltages on the high field and the low field vary according to the Pot resistor selection.  

The ratio between the two potentials is displayed in the last row. 
 

Resistors in 
Pot dialed in 

0 1 2 3 4 5 6 7 

Voltage drop 
on high 

potential field 
(VH) 

875 903.2 929.7 954.6 977.9 1000 1020.8 1040.5 

Voltage drop 
on low 

potential field 
(VL) 

175 169.4 164.1 159.1 154.4 150 145.8 141.9 

Ratio (VH/VL) 5 5.33 5.67 6 6.33 6.67 7 7.33 

 
 
7 is selected on the Pot, the high field : low field voltage ratio is 7.33.  This setting 

drops the largest potential across the VH field in the OA (1750V-[5x141.9] = 1040.5V).  

Due to the nature of plume expansion, spatial spreading in the time-of-flight dimension 

ensues.  The ability to apply a variable gradient to the ions can greatly reduce the arrival 

time spread at the detector.  Ions starting their timed flight closer to the back of the 

stack will acquire a greater kinetic energy and hence have a greater velocity than those 
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nearer the deflector end of the stack.  Thus, the former ions, although having to travel 

farther, can be brought to near coalescence on the detector with those ions starting 

further down the TOF axis in the stack.  The effect would be a mass peak with 

improved resolution.  Figure 15 displays how the different settings on the Pot affect the 

resolution of toluene clusters on the detector.  The spectra are attenuated and each trace 

was taken at the same instrumental settings, with exception of the potential ratio.  In 

Figure 16, the differences in resolution can be seen between the toluene ion peak (~26 

μs) and that of the toluene dimer peak (~39 μs) at different settings on the Pot.  This 

variation permits the user to resolve a particular portion of the mass spectrum more 

efficiently on the detector.  These two figures only show the effects of the field ratios on 

lighter masses. 

The resistance for both fields was chosen so that the RC time constant for the 

stack would be low.  An RC time constant indicates the amount of time required to 

charge a capacitor through a resistor.  The time constant of our OA is ~214 ns.  This 

means when the computer pulse triggers the OA, 214 ns elapse before the OA has 

reaches ~63% of the full potential.  We chose all components specifically for their 

ability to be quickly brought up to charge.  With each firing of the laser, the data from 

one complete experiment is collected.  If the OA were left statically on, we could only 

study post source ionized neutrals.  Any source created ionic species would be repelled 

from or attracted to the OA’s static electric field and would not be detected (refer to the 

instrument in Figure 11 for clarity, noting where the laser light, represented by the wavy  
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Figure 15  Toluene multi photon ionization time-of-flight spectrum acquired at different settings on the 
resistor box.  It appears that the 3.4 kΩ trace may resolve these ions the most efficiently on the detector. 
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green arrow, enters the apparatus).  Thus, to study a source created ionic species in a 

mass resolved manner, the OA must be able to remain neutral while ions fill the region.  

Then, it must fully charge and pulse-discharge the potential before the ions leave the 

region, imparting kinetic energy for the ions’ flight to the detector. 

 
Deflector 
 

Due to the adiabatic expansion of the plume into vacuum, even after orthogonal 

acceleration, the plume will possess a small velocity component from the source.  Once 

acceleration has occurred, this velocity affects the large masses more so than the smaller  

 
 
Figure 17  The effect of the deflector settings on the larger toluene clusters can be seen in this spectrum.  
The spectra for the larger masses were enhanced as noted. 
 
 
masses, causing them off the flight line that centers on the detector.  To compensate for 

this, a deflector was designed and placed at the OA exit.  A power supply applies a 
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potential that returns the ions within the beam back into line with the detector face.  The 

power supply potential can be increased or decreased to compensate for a greater or 

lesser source generated velocity.  Figure 17 shows the resolution of the ever increasing 

toluene cluster masses with increasing voltage settings on the deflector. 

 
Hemispherical Energy Analyzer 

 
Hemispherical energy analyzers (or sectors) have become increasingly popular 

in many types of spectroscopy in part because they offer superior energy resolution; 

and, their ability to analyze the kinetic energy of ions.  This provides information about 

many dynamical-type studies (i.e. ion collision).37, 38  Figure 18 offers a simple design 

of a general sector with descriptions of the flight path.  Sectors are designed on the  

 

 
 
Figure 18  Simple hemispherical sector where R1 defines the radius of the inner hemisphere and R2 is the 
radius of the outer hemisphere.  R0 is the theoretical path of the ion beam, selected by varying the 
potentials applied to the inner and outer hemispheres, creating the center path trajectory for a select group 
of ions.39 
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principle of an electric field that is proportional to 1/r2 (with r being the radius, 

represented as R0 in Figure 18).  The field is produced by placing a potential across a 

pair of concentric hemispheres.  For instance, a negative potential is applied to the back 

half of the sector (which would be defined by R2 in Figure 18) while an equal, positive 

potential is applied to the front half of the sector (R1 in the figure).  This creates an 

arced flight path through the center of the hemispherical sector were ions of a 

corresponding kinetic energy may pass. 

In the fall of 2007, we designed and built the sector that will be described here.  

It was installed in the five cross containing the detector in February of 2008.  The plan 

was to conduct metal-catalyzed dissociative reactions on small organic molecules and 

determine how and at what rate bonds were broken by monitoring the kinetic energy of 

the reaction fragments.  Chapter five presents the results of one such study.  In Figure 

33, the installed hemisphere is shown as it would exist in our instrument. 

Referring to Figure 18, the inner hemisphere, defined here by sweeping the 

radius R1 in our system, is maintained at a negative potential and the outer hemisphere, 

defined by radius R2, is maintained at a positive potential.  The point from which the 

radii emerge is the common center of the sector.  The detector is situated on this center 

line at the exit aperture.  The variation in potential settings acts as an “energy filter” 

located on the end of our TOFMS.  Based on the potential difference, the sector will 

only permit those ions that possess a certain kinetic energy to pass through, essentially 

filtering out all particles with different kinetic energies.  The sector’s entrance is 

centered in the focus of the TOFMS.  The center line, R0, is referred to as the reference 
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path, where the potentials on the two hemispheres are adjusted to achieve zero potential 

circular orbits through the sector for ions of a specific kinetic energy to pass. 

 
The sector as an energy filter.  As described in the section on OA, the ions have 

kinetic energy due to their motion.  This energy is related to the particle’s mass and 

velocity.  The particle gained this energy during interaction with the potential field of 

the OA.  This interaction accelerates the ion down the flight axis of the TOFMS.  By 

scanning the hemisphere potentials, the full spectrum transmission voltage can be 

found.  Once this value is known, a fragment sector voltage is determined using the 

ratios of the masses multiplied by the full spectrum transmission voltage: 

( )d
p d

p

m
V V

m
      (3.5) 

where md is the fragment mass, mp is the precursor mass, Vp is the full spectrum 

transmission voltage and Vd is the sector pass voltage for that daughter fragment.  

Figure 41 shows a sector voltage scan.  Here, the x-axis displays the potential difference 

between the two hemispherical surfaces.  As that potential difference increases, 

fragments are permitted to pass through the hemisphere when their kinetic energy 

matches the pass potential difference on the hemispheres of the sector.  The different 

fragments are indicated in the figure.  All other fragments will crash into either the outer 

or inner walls of the sector.  Table 9 reports the values of some of the daughter 

fragments which could appear at the reported potential values. 

One unique feature of the custom sector in our TOFMS is the channel through 

the outer hemisphere permitting laser light to intersect the incoming ion beam.  Figures 

19 and 20 display the channel built into the sector.  Refer to Figure 33 for a schematic 
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of the laser setup when experimentally employing the channel.  For example, fragment 

identity in the NiAc+ studies was initially confirmed by orienting the laser through the 

 
Table 9  Typical sector potential values of fragment studies based on a full 

spectrum transmission at 680 V and an OA setting of 1750 V. 
 

Parent Parent Mass 
(g/mol) 

Daughter 
fragment 

Daughter Mass 
(g/mol) 

Daughter voltage 

NiCO+ 86 Ni+ 58 459 

NiAc+ 116 CH3CO+ 43 252 

NiAc+ 116 Ni+ 58 340 

NiAc+ 116 NiCH3
+ 73 428 

NiAc+ 116 NiCO+ 86 504 

NiAc+ 116 NiCH3CO+ 100 586 

NiAc2
+ 174 Ni+ 58 227 

NiAc2
+ 174 NiCO+ 86 332 

NiAc2
+ 174 NiAc+ 116 453 

 
 
sector channel and intersecting the ion beam 3 μs in front of the sector.  Although the 

data that resulted did confirm the possible fragments resulting from the 

photodissociation of NiAc+, all fragments, whether formed by single or multiple photon 

absorption, are detected.  Determining those events that are single photon in origin 

when a spectrum is cluttered with single and multiple photon events is not immediately 

feasible. 

To understand the unimolecular reaction kinetics occurring in our experiment, it 

is necessary to distinguish single photon events from multiple photon ones.  A single 

photon decay event will require time and, if we orient the laser to intersect the beam just 

prior to entrance into the OA, differentiating between the fragments generated by single 
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or multi-photon events can be done.  Dissociative decay resulting from multiple photon 

absorptions will be exceedingly fast.  Orienting the incoming laser radiation to intersect 

the approaching molecular beam just prior to entering the OA region (see Figure 34) 

discriminates against detecting multiphoton events.  If the molecule decays within the 

OA, those fragments will receive the same kinetic energy as any parent molecular ion 

would.  Thus, they would only be detected at the parent spectrum pass potential.  If this 

decay process occurs post the OA, the newly formed fragments will have energies 

defined in Table 9.  As the potentials on the sector are scanned, the different fragments 

will be permitted to pass based on their kinetic energy.  Again, the relationship between 

the potentials and the masses is expressed in equation 3.5. 

 
The sector design.  The cover plate on the sector is at ground and electrically 

isolated from either hemisphere by 3.18 mm diameter ruby spheres.  The inner and 

outer surfaces of the sector are curved to create an optimal ion path.  See Figure 19 for a 

fully constructed view of our sector.  Figure 20 shows the CAD drawings used to 

produce the inner and outer hemispherical surfaces. 

The actual path of the ion beam can be represented by half of a Kepler orbit 40, 

which is an ellipse, when the entrance and exit apertures are taken into account.  Thus, 

to calculate the path length and, hence, the travel time, we must find the circumference 

of the ellipse.  If we assume four-fold symmetry, we can use following equation41: 

2 2 2

0
4 1 sin ( )C a t dt



      (3.6) 
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Figure 19  Diagram of the sector, full assembled, seen from the top with the mounting hardware on the 
left.  The cover plate and entrance aperture are electrically isolated by the ruby spheres from the voltages 
of the inner and outer hemispheres.  The entrance aperture is centered at the focus of the TOF. 
 
 
where a is the larger radius of the ellipse, ~ 0.073 m, and ε is the angular eccentricity (ε 

=
2 2a b

a

 , with b being the smaller radius, 0.0635 m).  Since our path is only half of 

an ellipse’s circumference, our path length calculates to ~ 0.2293 m.42  Travel time 

through the sector is determined by: 

2md
t

KE
       (3.7) 

where m is the mass of the ion (kg), d is the path length (m) and KE is the kinetic 

energy imparted by the OA (J).  Table 10 presents some transit times for different ions 

at various energy settings on the OA.  The time variation amongst the different  
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Figure 20.  Exploded view of the CAD drawings for the each of the hemispheres, the cover plate and the 
ring mounts for the open ends of the sector.  Each piece was milled from selected high quality stainless 
steel and the inner surfaces of the hemispheres were polished to a mirror finish.  The laser access channel 
can be seen in the bottom right drawing marked as 0.250 THRU.  It is centered so a laser beam can access 
an incoming ion beam in front of the sector, when used for dissociative studies. 
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fragments is quite small, as the path length of the sector is comparatively short relative 

to the TOFMS flight tube. 

 
Table 10  Transit times for different molecules traveling the sector in microseconds (μs). 

 
Molecule 1500 V 1750 V 2000 V 

58Ni+ 6.37 5.89 5.51 

58NiCO+ 6.37 5.89 5.51 

58NiO(CH3)2
+ 6.37 5.89 5.51 

 
 

A Mechanical Beam Collimator for an Ion Dispersion Issue 
 

With the installation of the hemispherical sector, our instrument went from 

producing data the time and mass domain to data in the time and energy domain.  The 

two field OA served its purpose in producing well resolved peaks in both the energy 

and space realms.  The hemisphere represented the evolution of our instrument, but it 

soon presented an unforeseen problem that was directly related to the hemisphere’s 

operation. 

As described in Chapter two and a previous section in this Chapter, the resolving 

nature of our OA was based on the advances set forth by W. C. Wiley and I. H. 

McLaren’s two field accelerator.20  The stack potential is resistively stepped down to 

through the low field to the final high field potential drop to ground.  See Table 8 for 

the potentials on the stack.  Thus, where a particle enters the OA will determine its 

kinetic energy allotment.  Prior to the sector’s installation, the velocity that resulted 

would cause the particle to arrive at the detector with its mass packet, creating a mass  
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peak with a flight time.  This is spatial resolution in the mass and time domain; 

however, the energy filtering nature of the sector now selected for or against particles of 

certain energies, regardless of their mass.  Our set up, seen in Figure 31, has the 

incoming laser intersecting the cold beam just prior to the OA.  Once the well-

collimated, supersonically cooled37, 43 beam had exited the source chamber, we timed 

the firing of the interrogation laser to intersect the ion beam post-source, but pre-OA.  

The beam then entered the OA region.  The excited plume deposited ions within a range 

of spaces along the central axis of the OA region.  Because the kinetic energy was 

imparted to the ions wherever they entered the OA, selecting an ion with a specific 

kinetic energy that was specific to a particular mass packet was not possible. 

Our detection and spectral interpretation involve knowing the potential on the 

hemispherical sector (see equation 3.5).  One reason for using the sector was to analyze 

the distribution of kinetic energies amongst dissociative fragments.  This type of 

experimentation would dictate that the complete mass spectrum be all of the same 

energy, so that mass packets could be selected for photodissociative studies and the 

energies of the fragments could be determined.  Figure 21 displays mass spectra at 

different sector potentials prior to the installation of the new resolution element.  It is a 

3-dimensional graph, plotting the sector potential difference against the time and the 

signal intensity.  At each sector setting, a mass spectrum was taken, with the full 

transmission spectrum seen at 550V.  As can be observed from the figure, ions are still 

being detected at lower sector potentials; because they have energies low enough to 

permit them to pass through the sector.  Especially with no dissociation laser photons, 

there should be little to no ion signal detected; yet, there are obvious, non-random 
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spectral peaks present.  In fact, as we varied the potential difference on the sector, the 

signal would come and go in relation to whether the plume had entered further down the 

OA, or had encountered a plate edge and bounced away.  And, as the signal became 

faint, the detector potential would be increased to compensate; but, the signal 

congestion was exacerbated with the increased detector potentials.  To embark on any 

kinetic energy analysis of a potentially weak fragment signal would be untenable. 

 
 

Figure 22  The line drawing of the new mechanical beam collimator for focusing the incoming ion beam 
into the OA appears above as it would appear on the stack.  The dimensions of the new resolution 
element are shown in the lower portion of the figure. 
 
 

In response to our difficulties, it was determined that a new molecular 

collimating element, attached directly to the acceleration stack, but voltage isolated, 

might focus the ions entry into the OA.  The dimensions of the new collimating element 
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are:  a length to apex of 1.125”, a 0.3125” orifice diameter and a 1.362” base diameter 

with a 30º conical angle.  Figure 22 shows a representative schematic of the new 

mechanical beam collimator and how it would appear in place on the acceleration 

region.  This new resolution element collimates the beam directly into the OA region 

between plates 2 and 3 (refer to Figure 12), thereby damping the signal from ions 

entering the OA further down the flight axis, and ultimately, being detected.  Figure 23 

presents mass spectra taken in the same manner as the data from Figure 21, but with the 

new resolution element in place.  A mass spectrum is captured at each sector setting, 

which is marked on the y-axis.  There is no obvious strong contamination from ions 

being detected at lower sector settings. As can be observed by comparing Figures 21 

and 23, the encroaching precursor ion signal with lower kinetic energy has dissipated 

after the installation of the new mechanical beam collimator.  We found this to be a 

workable solution to our signal problem. 

 
Detection 

Detection for our system rests with a Burle Industries, Inc. Chevron™ Model 

3018MA Microchannel plate installed in the far five cross at the exit of the sector.  The 

microchannel plates within the detector operate in a similar manner as continuous-

dynode electron multipliers.  When an ion strikes the top plate, it impinges upon a 

microchannel where electrons are liberated from the walls of the channel.  The electrons 

that exit the first plate start the cascade in the next plate.  The microchannels in the 

plates are oriented at an angle from each other in the chevron style, thus inhibiting ion 

feedback and enhancing detector gain.44  The bias angle between the two plates in our 

detector is 5°±1°.  See Figure 24 for reference. 
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Figure 24  Schematic of a Chevron™ style microchannel plate detector. 
 
 

Instrumental Timings 

Events must be sequentially timed in order to observe the anticipated result.  

This is true for all of the components described previously in this chapter.  Our 

instrument is a complex machine containing both mechanical and electrical hardware.  

Some of the constituents can be digitally controlled, while others are maintained 

manually.  Most of equipment in and around the instrument are pulsed (as to be in sync 

with the lasers), while some are static (the detector, for instance). 

 
Orthogonal Accelerator in Static Mode 
 

Early experimentation utilized a static OA.  Using the vapor pressure of toluene 

seeded into a noble carrier gas (either helium or argon), the ability to observe cations 

formed from the neutral molecular beam was explored.  The pulsed valve’s width (or 

amount of time potential was applied to the device) and its delay (the mechanical delay 

between the computer TTL pulse to trigger the valve and the valve physically opening) 

were determined so that the plume would encounter the ionization laser within the OA.   
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Figure 25  The instrumental setup used for R2C2PI of toluene clusters.  The two arrows entering at the 
bottom indicate the combination of the pump and dye laser radiation.  Note the absence of an ablation 
target in the expansion chamber. 
 
 
During these experiments, the third harmonic (an integer multiple of a fundamental 

frequency) of a Nd:YAG laser (355 nm ≈ 28000 cm-1) was used to pump the Sirah dye 

laser.  Coumarin 440 dye was doubled through the frequency conversion unit on the dye 

laser to ~ 45000 cm-1.  The radiation was directed into the OA to meet the incoming 

beam in a manner represented in Figure 25.  We conducted resonant two-color two-

photon ionization studies (R2C2PI) of toluene clusters.  The technique, R2C2PI, is 

described in more detail in the next section of this chapter.  Refer back to Figure 4 in 

Chapter one for a simple figure of two-color photoionization.  Using the static OA, the 

only signal detected would be that generated by the successful formation of ions within 

the OA stack.  Because the OA field will only affect ions, the incoming beam must be 

ionized within the center of the OA field (for reference see Figure 13 or 22).  Since the  
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Figure 26  In this timing diagram, the pulse valve is triggered first.  The pulsed valve’s trigger is where 
the timing count begins (at 0 μs).  The scope is fired next so a flight time can be recorded and the laser is 
fired to ionize the molecular beam.  All of these timings were determined in relation to one another 
through experimentation.  The times represented in the x-axis are relative, but the sequence is true and the 
delays are representative of actual delay timings between triggers. 
 
 
OA field can be altered to accelerate only ions, it will be solely the ionic portion of the 

beam that will be orthogonally turned, accelerated, and detected.  See Figure 26 for an 

example of the successful firing order for each component.  This sequence provided 

information about ion velocities and how mechanical delays affected instrumental 

timings.  These experiments, in particular, established timings for overlap of the neutral 

toluene beam with the laser radiation in the OA, which led naturally to the following 

studies. 

 
Orthogonal Accelerator in Triggered Mode 
 

Once mass spectra were successfully acquired using a static OA, the next step 

was to determine the appropriate trigger delay for pulsed extraction in coincidence with 

ion formation.  In Figures 27 a-d, toluene mass spectra are measured at different delay 

settings on the OA.  The upper value reported under each trace is the delay time before 

triggering the OA in relation to the firing of the photoionization laser. The lower 
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number is the pulsed valve delay for each set of mass spectra.  The photoionization laser 

is triggered at 2500 μs.  At a delay of 2400 μs on the OA (in Figure 27a), most of the 

large masses are absent.  This situation indicates that the OA is triggered too soon after 

the pulsed valve is fired.  On the other extreme at 2475 μs, the smaller masses are 

slightly attenuated.  Thus, if the delay were increased, the lighter elements within the 

beam will have passed through the OA region completely and won’t be represented in 

the spectrum, adequately.  It appears that when the OA trigger is delayed in the range of 

2425 μs to 2450 μs, the spectra produced when the pulsed valve was triggered at 800 μs 

have the best delay settings for toluene ions.  The information presented in these plots 

was utilized to calculate a relative timing window in which to operate the pulsed OA. 

Our next goal was to obtain optical spectra of the toluene ion and compare this 

to the literature, to verify that the scan unit in the SIRAH dye laser was calibrated 

properly.  The dye laser is tuned through a set of wavelengths dictated by the chosen 

dye.  When the dye laser is scanned, a series of transitions can be observed as the dye 

laser energies are resonant with toluene’s excited vibronic states.  We ionized toluene 

using resonant two color two photon photoionization (R2C2PI).  R2C2PI is a 

pump/probe technique (see Figure 25 for the instrumental setup of R2C2PI and Figure 4 

for a simple depiction of the technique).  Two different laser energies work in concert to 

ionize a molecule, or atom.  The probe laser, which is typically a fundamental or 

harmonic frequency of a solid-state laser, has sufficient energy to ionize the molecule 

from an excited state.  The probe radiation is combined with the energy of the pump 

laser beam.  The pump laser, in this technique, is scanned through a series of 

frequencies.  When the two laser photons equal the energy of the molecule’s excited  
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state, the molecule can absorb the energy.  Thus, the frequency is now resonant with an 

excited state within the molecule, and ionization can occur.  While the final ionization 

step can occur with any combined laser energy above the ionization threshold, the 

technique of R2C2PI is about resonance.  For the laser radiation and the molecular state  

 

 
 
Figure 28  Using the doubled output of the dye, C-503, the dye laser was scanned from ~250 nm to ~270 
nm.  The numbers under the peaks represent the different excited vibrational modes of the toluene 
molecule.  Those with several numbers represent combinations of different vibrational modes excited by 
the energy of the laser. 
 
 
to be in resonance, the incoming laser energy must closely match the difference 

between the ground state and an excited state of the molecule.  This technique is 

selective in that only molecules (or atoms) that are in resonance with the radiation 

frequency will be ionized. The spectrum in Figure 28 was obtained via R2C2PI of 

toluene, and our results mirrored those who previously evaluated toluene.45  The 

transition peaks were identified using the nomenclature developed in Hickman’s work, 

although the comparison included that of Hopkins, et al.46 and Ginsburg, et al.47  The 
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peak marked 0
00  in Figure 28 occurs ~37 477 cm-1 and is the band origin for this 

vibrational progression in toluene45-47.  In common with the works sited here, toluene is 

assumed to have 2vC  symmetry, with the methyl rotor being treated as a point mass.   

 

 
 
Figure 29  The delay sequence for a photoionization experiment is presented above.  The timings can be 
varied using the program, thus permitting the user to optimize the settings for a different sample or carrier 
gas.  This sequence gives a general idea of the timing on each piece of hardware in order to study the 
vibronic structure of toluene. 
 
 
The peaks designated in the figure as 1

038  and 1
037  are symmetric bending modes of the 

molecule.  The bands labeled 1 1 1
0 0 013 24 25  and 1 1 1

0 0 012 23 24  are reported to be a series of 

overlapping transitions assigned to a Fermi resonance between the individual transition, 

at either 1
013  or 1

012 , and the respective 1 1
0 024 25  or 1 1

0 023 24  combination bands.45, 46  The 

relatively strong features at 1
010 , 1

011 , and 1
08  are attributed to symmetric stretches 

within toluene; and, the vibrational assignment of 1 1 1 1
0 0 0 037 12 23 24( )  indicates mixing 

between the molecule’s vibrational modes.45, 47 Figure 29 presents a timing diagram 
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giving the delay sequence for photoionization.  The pulsed valve will fire, expanding 

the toluene-seeded carrier gas into the main chamber.  As the plume enters the OA 

region, the photoionization laser beam encounters the neutrals, ionizing them.  The OA 

is triggered and the ions are accelerated down the flight tube to be detected. 

 
Experimental Setups 

Chapters four and five present published experimental results.  The success of 

our research is indicated in these chapters.  However, there are particular details of 

some of the laser techniques and about instrumental setups that need to be discussed 

more thoroughly prior to presenting these results. 

 
Resonance Enhanced Multiphoton Ionization or REMPI Studies 
 

The tunable UV laser light from our Nd:YAG pumped dye laser is focused into 

the species of interest in the acceleration region of our TOFMS. This species can be 

induced to absorb two or more photons simultaneously provided the light intensity is 

sufficiently high to compensate for the small cross-sections (essentially, the probability 

that such a process will occur) for such processes.  Normally, small molecules and light 

atoms will have ionization energies ~10-15 eV, corresponding to the absorption of ~3 

UV photons from the ground state of the neutral molecule.  The cross-section of this 

ionization process is greatly enhanced if there is an excited state at the energy of one or 

two absorbed photons.  By monitoring the photoionization yield as the laser is scanned, 

a spectrum corresponding to absorption to the resonant state is obtained. 

 
Rydberg ionization spectroscopy or RIS.  RIS is a specific type of REMPI 

spectroscopy.  To ionize an atom or small molecule requires more photon energy than is  
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Figure 30  As the laser wavelength is scanned and is of sufficient intensity, a spectral peak will appear 
when the light is resonant with the Rydberg state.  If the cation is detected [M+], it is photoionization 
spectroscopy.  If the electron is detected [e-], it is photoelectron spectroscopy.48 
 
 
easily available experimentally.  However, these studies can be conducted if there is a 

high lying excited state that is accessible via one or two photons, then the final photon 

can span the remaining energy difference to the ionization potential.  An atom or 

molecule is in a Rydberg state, if the excited electron exists on the border between a 

bound state and the ionization continuum.49  Essentially, the electron is weakly bound, 

but the atom or molecule exists in a highly enough excited state that ionization becomes 

tenable through a lower energy laser frequency.  See Figure 30 for an energy level 

diagram associated with Rydberg spectroscopy.  In chapter four, we utilize this 

technique in ionizing copper and the paper we published reports several novel Rydberg 

states that had yet to be observed. 
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Figure 31  This instrumental setup was used for the Rydberg studies of Copper.  A photon from the 
excimer laser ablates copper atoms off the rod as the pulsed valve opens to release the carrier gas.  The 
copper seeded plume expands into the main chamber and is skimmed into the OA region.  Here, copper 
atoms are ionized, accelerated down the flight tube, and detected. 
 
 

REMPI studies conducted in our instrument have the ionization lasers entering 

in the OA region to encounter the incoming neutral beam.  Figure 31 displays the 

specific laser set up for these types of investigations.  Again, chapter four’s studies on 

atomic copper used REMPI techniques.  The kinetic studies mentioned in chapter five 

employ this same instrumental set up, but are more photodissociative in nature and are 

explained in the next section. 

 
Photo-induced Dissociation Studies 

In the initial experiments exploring the dissociative mechanism of a nickel 

cation interacting with acetone (Ni+ Ac), our spectra showed a combination of 

dissociative events.  In Figure 32, the spectra were generated by intersecting an isolated  
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Figure 32.  Fragment ion collection efficiency relative to the sector entrance.  The lowest trace shows 
prompt, 2-photon dissociation into the Ni+ fragment channel whereas the top traces display slow, single 
photon induced, dissociative reaction resulting in the Ni+CO fragment ion. 
 
 
ion packet just prior to the entrance into the sector (the instrumental setup is seen in 

Figure 33 – note the entry point of the Nd:YAG pumped dye laser).  We set the time 

where the ions turn out of the laser beam and into the sector as time zero.  So, if the 

laser radiation is timed to encounter the ions prior to their entrance into the sector, that 

time is represented on the graph in Figure 32 as a negative number.  The times 

expressed in the x axis are relative.  The 5 traces of Figure 32 indicate the temporal 

response profiles of fragment ion detection as the dissociation laser intersects the Ni+Ac 

parent ion at different times relative to the entrance into the sector.  The amount of 

energy that the parent ion absorbs is indicated for each trace (in cm-1).  The intensities 

are horizontally offset and scaled as indicated to account for the diminishing Franck-

Condon factors as the laser tunes to lower energy.  The trace in the C panel 

demonstrates prompt two-photon binary cleavage into Ni+. 
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Figure 33  The instrument with lasers aligned into the sector for initial photo-induced dissociation studies.  
The Nd:YAG pumped dye laser was triggered to fire when the ion packet was just in front of the sector.  
The results included both single as well as multiple photon induced dissociation. 
 
 

To gain knowledge of the unimolecular dissociation associated with the Ni+Ac 

system, we reoriented the laser, so as monitor only those fragments generated by single 

photon photo-induced unimolecular dissociation.  For these experiments, the photon 

intersects the molecular beam prior to entrance into the orthogonal accelerator (OA) 

(see Figure 34).  The ions absorb radiation and the unimolecular decomposition reaction 

is initiated.  Those parent ions that dissociate prior to entering the OA are not detected.  

Only the subset of parent ions that dissociate post-OA (those parent ions receiving the 

full kinetic energy) but pre-sector are detected.  The sector is set to transmit only the 

fragment Ni+CO ions from parent Ni+Ac. 
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Figure 34  The instrument in its final form for kinetic studies.  The Nd:YAG pumped dye laser 
combination is now oriented to direct photons into the OA region in opposition to the cooled, collimated 
ion beam entering from the source. 
 
 

Upon laser irradiation, the Ni+Ac complex absorbs a single photon, producing a 

low-lying excited quartet state.  The photon energy is below the adiabatic bond energy 

of the complex, so the complex will not dissociate.  In Figure 35, the semi-quantitative 

Ni+Ac →Ni+CO + C2H6 reaction coordinates are superimposed upon the lowest energy 

doublet and quartet electronic states of the Ni+Ac complex.  The Morse potential 

surfaces were constructed assuming the complex acts as a pseudo-diatomic with motion 

along the Ni+-OC(CH3)2 stretching coordinate.  The metastable state may either i) 

absorb a second photon, dissociate, and form the competitive Ni+ fragment ion; or ii) 

intersystem cross to the high vibrational levels of the doublet ground state.  The internal 

energy, resulting from intersystem crossing, is distributed along the vibrational 

coordinates of the complex.  This energy permits the Ni+ (attached at low energies to 

the carbonyl oxygen) to migrate toward the C-C σ-bond.  As the Ni+ approaches, 



 

68 
 

repulsions must be overcome to eventually form a multi-center transition state complex.  

The cation then inserts into the C-C σ-bond and Ni+-C bond breakage ensues after a 

methide shift producing Ni+CO(2Σ+) + C2H6.  This topic is more thoroughly explored in 

Chapter five. 

 
 

Figure 35  A semi-quantitative Ni+Ac →Ni+CO + C2H6 reaction coordinates superimposed upon the 
lowest energy doublet and quartet electronic states of the Ni+Ac complex.  The Morse potential surfaces 
were constructed assuming the complex acts as a pseudo-diatomic with motion along the Ni+-OC(CH3)2 
stretching coordinate. 
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CHAPTER FOUR 
 

Two Photon Resonant Excitation of Copper Rydberg Levels 
 
 

Preface 
 

When the instrument was designed, it wasn’t intended to conduct strictly R2PI 

study of atomic neutrals.  Copper was available and the machine needed specific 

rigorous testing, so it was employed.  The new set up was unfamiliar to the group, so 

instrument timings and lasing abilities needed to be examined and understood.  In the 

process of calibrating the instrument using copper atoms and copper-organic 

complexes, a consistent spectrum kept appearing.  As it turned out, the spectrum was a 

Rydberg series which coincided with and added to current published data on atomic 

copper.  The publication that follows is the fortuitous product of this research. 

 
Introduction 

 
High lying Rydberg states of atoms and molecules have found interest in 

general49-52 and particular utility in various spectroscopies; pulsed field ionization- zero 

electron kinetic energy (PFI-ZEKE)53-56 and threshold ionization mass spectrometry57-61 

to name a few.  Both techniques rely on the ability to optically pump electronic 

transitions to Rydberg energy levels near ionization.  Nevertheless, the ionization 

energy can be far in excess of the tunable region of most conventional lasers.  A 

possible solution to this situation is to multi-photon prepare the Rydberg states of 

interest.  To this end, the resonant (1+1)-photon, 3-photon ionization spectrum of 

neutral atomic copper is presented where 2 photons are simultaneously absorbed, 



 

70 
 

resulting in a resonantly populated Rydberg level which is subsequently ionized by 

absorption of a third photon. 

Multi-photon excitation to atomic Rydberg states has been studied previously.  

The alkali metal atoms of groups I and II have been studied extensively where both 2, 3, 

and multi-photon absorption have been reported as well as theoretical investigations.62-

70  These pioneering studies not only access high lying Rydberg states, but the multi-

photon excitation results in  high angular momentum Rydberg final states which 

selection rules yield inaccessible by single photon absorption. 

Recently, highly resolved studies have occurred where the Rydberg states of 

noble atoms have been studied via microwave or millimeter wave spectroscopy.  In the 

microwave study, the Rydberg sates are prepared by neutralization of a fast ion beam71 

and resonant transition monitored via depletion of an ion current.  The other study is a 

double resonance technique where the Rydberg level is populated through absorption of 

a single vacuum ultraviolet photon.72, 73  Resonant transition is recorded while 

monitoring field ionization as a function of millimeter wave frequency.  Although 

power broadening probably limits the resolution of both techniques, neither technique 

requires highly intense laser radiation. 

 
Experimental 

 
Atomic copper is produced as the focused 248 nm output (~.5 mm spot size) of a 

KrF excimer laser (~4mJ/pulse) is directed onto a rotating pure copper rod in a high 

vacuum chamber.  Helium gas, operating at ~100 psi backing pressure, is delivered 

from a pulsed valve and timed to entrain the laser vaporization plume in a jet-cooled 

expansion.  The expansion products are collimated through a 1 cm orifice skimmer and 
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the neutral beam drifts into the acceleration region of custom time of flight (TOF) mass 

spectrometer.  The particle accelerator is of Wiley-McLaren20 design and operated at a 

+1.5kV full field potential.  Within the low-field region of the acceleration grid, atomic 

copper is ionized through either interaction with (a) pulsed, focused doubled dye laser 

radiation or (b) the pulsed, doubled dye laser output + fixed frequency, 266 nm 

radiation.  The fourth Nd:YAG harmonic (266 nm) was generated by directing 20% of 

the 532 nm dye pump beam energy into an angle tuned KDP doubling crystal.  The 

emerging 266 nm laser beam was spatially overlapped with the doubled dye output and 

directed toward the ionization region of the TOF, intersecting the incoming atomic 

beam. 

Ionized copper was accelerated through the 1.5 kV potential and impinged upon 

a Chevron micro-channel plate detector located ~1.9 meters from the acceleration grid.  

The resonant spectrum was acquired by monitoring ionized atomic copper as the 

doubled dye laser was frequency tuned through a DCM dye.   Absolute frequency 

calibration was acquired from known copper atomic transitions as discussed below.  To 

excite 2-photon resonances in copper, the dye laser was focused and the resulting power 

broadening limited the optical resolution to ~3 cm-1. 

 
Results 

 
The two traces of Figure 36 show resonant Cu atomic transitions acquired using 

two different methods: {top trace} Resonant Two Photon Ionization (R2PI) 

spectroscopy and {bottom trace} R(1+1)3PI where the (1+1) indicates a resonant state 

accessed by the summed energy of two photons from the same laser.  In the R2PI 

studies, the ionization laser field (266 nm, 4th YAG harmonic) was spatially delayed 5 
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ns from a tunable UV laser pulse.  Both fields impinged upon the neutral copper beam 

in the acceleration region of a time of flight mass spectrometer.  The spin orbit 

components of the lowest energy 2Po state of Cu were resonantly populated via tunable 

laser radiation and subsequently ionized by the fixed frequency 266 nm laser pulse.  

The 2 2
1 2 1 2P S  and 2 2

3 2 1 2P S  Cu atomic transitions dominate the R2PI spectrum 

and the known transition energies were used to calibrate the dye laser frequency. 

Although the lower trace of Figure 36 is a scan through the same spectral region, 

far more structure is evident.  This effect is due to the sampling method.  Roughly 2 

mJ/pulse of tunable laser radiation was passed through a 300 mm plano-convex quartz 

optic and focused onto the densest portion of a pulsed atomic copper beam within the 

acceleration region of a time of flight mass spectrometer.  Copper absorption of laser 

radiation at intensities ~108 W cm-2 resulted in the 3-photon ionization spectrum of 

Figure 36. 

A sharp threshold at 31128.5 cm-1 indicates the 2-photon / 3-photon ionization 

efficiency limit of Cu in the R(1+1)3PI studies.  At laser energies  31128.5 cm-1, the 

absorption of two photons efficiently ionize atomic Cu while below this energy and at 

laser intensities ~108 W cm-2, the 3-photon ionization efficiency is markedly reduced.   

Twice this threshold (62257.1 cm-1) is the apparent IP of Cu in the positive 100 V/cm 

field of our acceleration grid.  This is 60.3 cm-1 less than the accepted74  IP of Cu 

(62317.44 cm-1) and is consistent with the calculated ionization energy lowering (61.2 

cm-1) which occurs in this field. 
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Figure 36  Resonant electronic structure of gaseous copper probed via two different methods.  Top trace – 
Resonant 2-Photon Ionization Spectroscopy;  Bottom trace – Resonant (1+1) 3-Photon Ionization 
Spectroscopy.  Bold numbers above the resonant transitions label the principle quantum number of the 
2 10 2 10

5 2 1 23 3 4D d nd S d s  Rydberg series with term energies given by twice the laser frequency. 

 
 

In the lower trace of Figure 36; efficient resonance enhanced 3-photon 

ionization of atomic copper results in the observed sharp structure at laser energies less 

than 31128.5 cm-1.  The intense features are assigned as a 2-photon Rydberg series 

(2D5/2←
2S1/2) converging to the copper ionization limit.  Bold numbers above the 

resonant transitions label the 3d10 nd configuration states at term energies of twice the 

dye laser frequency (Table 11).  The state, now populated via simultaneous absorption 

of 2 dye laser photons, ionizes through absorption of a 3rd dye laser photon which 

couples the prepared state to an autoionizing state.  Figure 37 demonstrates the two 

different processes (R2PI and R(1+1)3PI) which lead to the sharp structure evident in 

Figure 36.  The horizontal lines of Figure 37 indicate the configurations and atomic 
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states responsible for the sharp structure of Figure 36.  The grey area, common to both 

halves of Figure 37 and located at energies greater than the Cu+ 1S3d10 ionization limit, 

contain an essential continuum of autoionizing neutral states.  The left side of Figure 37 

shows a consecutive 2-step process to reach this continuum; atomic copper resonantly 

absorbs laser radiation as represented by the arrow terminating on the spin orbit 

components of the 2Po copper atomic states.  These prepared states are then ionized by 

absorption of a 266 nm photon.  The right side of Figure 37 shows a concurrent 2-

photon absorption process which is facilitated by a virtual state represented by the 

hatched area of Figure 37.  The simultaneous absorption of 2-photons is represented by 

the “head to tail” arrows of Figure 37 which terminate on levels associated with the 

2D5/2 3d10nd Rydberg series.  Absorption of a 3rd dye laser photon results in ionization 

of the prepared Rydberg state. 

The assignment of the 2D5/2 3d10nd ← 2S1/2 3d104s Rydberg series is based on the 

known energies74 of the low n members of this series (Table 11) and the selection rules 

governing 2-photon transitions.  The important selection rules which govern 2-photon 

transitions involve the even/odd parity of the atomic states as well as the total angular 

momentum.  Parity remains constant in a 2-photon absorption and thus only even parity 

states are observed in 2-photon transitions from the 2S1/2 ground state.  Additionally, the 

total angular momentum selection rule governing 2-photon transitions is J = 0, ±2.  

Therefore, the final state angular momentum of the Rydberg electron must be s or d; 

resulting in either a 2S1/2 or 2D5/2 Rydberg series.  The 2S1/2 is eliminated as a potential 
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Figure 37  Diagram depicting the states involved in both R2PI and R(1+1)3PI studies.  The simultaneous 
absorption of 2 photons is implied by the head-to-tail arrows whereas sequential absorption is shown as 
offset arrows connecting 2 states. 
 
 
carrier of the spectrum through examination of Table 11 and Figure 38 where three 

known term energies of the 2D5/2 3d10nd (n= 9-11) are consistent with the transition 

energies observed in this study.  The relative agreement obvious in Table 11 supports 

this assignment. 

As a final justification to the proposed 2D5/2 Rydberg series assignment, Figure 

38 plots the observed state term energies as a function of 1/n2.  Electrons occupying 

high Rydberg levels act as negative point charges electrostatically bound to a cation of 

+1 charge.  The potential energy of this interaction is -e2/r where e is the fundamental 

charge and r is the distance separating those charges.  This simple form of the potential  
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Table 11  Term energies (cm-1) of the 3d10nd 2D5/2 Rydberg series in Cu accessed via 
2 photon transitions from the 2S1/2 ground state (estimated accuracy ± 1.5 cm-1) 

 
n NIST74 This study 

6 57895.1  

7 59250.72  

8 60066.33  

9 60595.05 60595.6 

10 60957.35 60961.4 

11 61215.59 61216.0 

12  61408.0 

13  61557.4 

14  61662.8 

15  61754.6 

16  61826.6 

17  61885.4 

18  61935.4 

19  61976.4 

20  62010.2 

21  62040.8 
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energy provides a more accurate description of the Rydberg electron/cation system as 

both quantum number n and   increases.  The electron\nucleus separation, r, is 

proportional to n2 and as n increases, the electron exists in orbitals far removed from the 

 

 
 

Figure 38  The assigned term energies of the 3d10nd 2D5/2 Rydberg series plotted against the inverse 
square of the assigned principle quantum number.  The solid line results from linear regression of the 
highest energy Rydberg states where linear behavior is expected. 
 
 
remaining valence electrons.  As   increases, the ability of the electron to penetrate into 

the core electronic structure is reduced consistent with the electronic radial distribution 

function.  Therefore, -e2/r provides a more accurate description of the potential energy 

for a Rydberg electron in a high   orbital as opposed to a low   orbital for a common 

value of n.  This effect is most commonly quantified as an empirical parameter and 

called the quantum defect, represented as  in Eqn 4.1. 
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    2
RIP=

(n- )      (4.1) 

Equation 4.1 is the Rydberg formula where IP indicates the ionization energy 

and R is the Rydberg constant for this system.  Equation 4.1 results from solving the 

Schrödinger equation using the simple electrostatic potential energy above.  Selecting 

zero energy as the energy required to remove the electron allows linear extrapolation to 

the ionization limit as n  , consistent with Equation 4.1.  In Figure 38, the term 

energies of Table 11, both those found in this study as well as those published by NIST, 

are plotted against 1/n2.  As expected, the data at low n is curved whereas linear 

behavior is observed at high n values.  The 6 highest Rydberg levels (n = 15-21) were 

fit to a straight line and extrapolated to n =   yielding 62337 cm-1, only 20 cm-1 greater 

than the accepted Cu ionization energy value.74  Holding the ionization energy constant 

at the accepted value, 62317.44 cm-1, and varying  to minimize deviations in the 

constants of Equation 4.1 results in d = 0.92  0.03.  Due to the ability of s-orbitals to 

penetrate into the atomic core, electrons in s-angular momentum states experience a 

greater effective -e2/r potential and thus display a large quantum defect.  For Cu, s is 

~2.55, nearly 3 times larger than the  value for the term energies of the Rydberg series 

presented in this study. 

 
Discussion 

 
Minimally, 4 states must be invoked to describe the sharp 2-photon resonant, 3-

photon ionization signals evident in the lower trace of Figure 36.  The states involved 

are labeled 1 ... 4  consistent with their relative energy ordering.  States 1  and 3  are 
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sharp in that their energy is well defined and limited primarily by experimental 

broadening mechanisms.  States 1  and 3  are better represented as 10 2
1 21 3d 4s, S  

and 10 2
5 23 3d nd, D  with energies E1 and E3 which define the 2-photon resonance 

condition  = (E2-E1)/2.  State 4  is any autoionizing state which exists ~30, 000 cm-1 

above the copper ionization limit.  The large density of autoionizing states at such 

energies makes identifying 4  difficult but unimportant for these studies. 

State 2  (hatched area of Figure 37) is a non-stationary state and couples 1  to 

3  in a non-resonant fashion.  State 2  is a superposition state which is represented as 

1 1( ,c x t  + 2 2( ,c x t +... where 1( ,x t  and 2( ,x t  are 10 2
1 23d 4p, P  and 

10 2
3 23d 4p, P  and c1 and c2 are the largest coefficients in the expansion.  This 

superposition forms quite readily at laser powers ~108 W cm-2, however, is also present 

at significantly lower powers ~106 W cm-2 as evidenced by the very weak 2D5/2 3d10nd 

← 2S1/2 3d104s (n= 10,11, and 14) transitions observed in the R2PI studies (top trace of 

fig. 1).  It is also interesting to note that the resonant 1-photon, (1+1) ionization 

mechanism is significantly attenuated in the high power R(1+1)3PI studies as indicated 

by the low intensity signal generated by the  2P1/2 ← 2S1/2 transition in the lower trace of 

Figure 36. 

 
Conclusions 

 
Two photon resonant excitations in atomic copper have been identified and 

assigned as members of the 2D5/2 3d10nd ← 2S1/2 3d104s  Rydberg series (n = 9 - 21).  

These states were observed under high laser fluence (~108 W cm-2) using 3-photon 
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ionization, mass spectrometric detection.  Assignment was based primarily on 2-photon 

selection rules and the observed quantum defect for the term energies of this series.  The 

state which couples the 2D5/2 to the ground 2S1/2 copper atomic state is a non-stationary 

state composed primarily of the spin orbit components of the lowest 2Po atomic state. 
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CHAPTER FIVE 
 

The Low Energy Unimolecular Reaction Rate Constants for the Gas Phase, Ni+ 
Mediated Dissociation of the C–C -bond in Acetone 

 
 

Introduction 
 

Gas phase atomic metal ions interact with organic molecules aggressively to 

cleave rather high energy bonds, essentially catalyzing these reactions.  Often, a 

primary research objective is to understand the factors that facilitate the transition to 

bond activation.  An expanding body of research17, 75-82 has been completed on this 

singular issue, which would indicate its potential impact.  Thus, the energy lowering 

associated with metal-mediated bond activation within organic molecules is of obvious 

importance.  A fundamental understanding of the energetic requirements, dynamics, and 

mechanism associated with metal-induced organic bond cleavage may be of practical 

significance to diverse fields such as enzymology83-85 and to those industries 

researching and developing alternative energy sources.86 

The body of literature associated with gas phase ion molecule reactions is 

extensive and diverse.15, 87-94  We attempt to build upon this knowledge base through the 

direct experimental determination of the kinetics of ion/molecule reactions.  Early ion 

cyclotron resonance89 (ICR) studies firmly established ion/molecule reaction products 

and, under appropriate conditions, could speculate as to the mechanism and probable 

thermochemistry associated with the reaction.  Freiser89and coworkers reacted Fe+ with 

(CD3)2CO and found the neutral reaction products to be 93% C2D6 and 7% CO.  

Collision induced dissociation (CID) studies often quantified the reaction 
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thermochemistry and established bond energies of both reactants and products (and 

sometimes intermediates as well).  Beauchamp and co-workers92 measured the CID 

cross sections of the Co+ + (CH3)2CO reaction, which established the exothermic 

production of C2H6 (90% yield) and CO (10% yield) + corresponding cations. 

More recently, product kinetic energy release distributions (KERDs)95-99 for 

ion/acetone reactions100 have been measured.  Here, the M+–acetone adduct ions are 

formed hot, in the source, with sufficient internal energy to induce reaction.  However, 

before complete unimolecular decomposition can occur, precursor ions are accelerated 

and mass isolated via transmission through a magnetic sector.  Metastable ions then 

decompose in a second field free region.  The kinetic energy distributed among 

resulting product ions is the determining factor for transmission through a voltage tuned 

electric sector and, ultimately, detection.  Bowers et al.95 measured the KERD for the 

CoCO+ product ion from the decomposition of Co+(CD3)2CO.  Their analysis indicated 

that C–C σ-bond activation was the rate limiting step in the reaction coordinate.  

Furthermore, they reported the activation energy to be ~ 43 kcal/mol (15000 cm-1). 

Recently, density functional theory (DFT)101 has been applied to the Ni+ + Ac → 

Ni+CO + C2H6 reaction.  Scheme 1 is a simplified version of the reaction coordinate 

proposed by DFT calculations.  It begins with the encounter complex (EC) which is the 

Ni+ cation bound to the dipole moment of the acetone molecule.  Once the EC receives 

sufficient energy to overcome an activation barrier, a multicentered Ni+ transition state 

(TS1) is formed, which leads to activation of a C–C -bond.  The Ni+ inserted complex 

is labeled as the first intermediate (I1) in Scheme 1.  As the reaction progresses to 

products, the second intermediate forms (I2) after transitioning through the three-bonded 
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Ni+ cation (TS2).  I2 is a Ni+CO molecule electrostatically bound to the ethane  bond.  

The final step is breaking the electrostatic interaction and separation into products.  This 

step occurs with minimal isomerization.  According to these DFT calculations, the 

energy of TS2 is greater than TS1, indicating that the rate limiting step is isomerization 

(CH3 shift) rather than C–C -bond activation. 

As indicated, our contribution to this body of research is through the 

determination of unimolecular decomposition reaction rate constants.  In a similar 

fashion as KERDs techniques, our experiment requires precursor ion dissociation to 

occur in the field free region of a time of flight mass spectrometer to produce detectable 

fragment ions.  However, unique to this study is the formation of cold precursor ions, 

with minimal amounts of internal energy.  The activation energy is supplied through 

absorption of a laser photon.  The absorption is the initial step in the unimolecular 

dissociation reaction.  The excited system then develops with time according to: 

0
kt

tA A e      (5.1) 

The system presented here is the unimolecular decomposition of the Ni+–acetone 

complex ion (Ni+Ac) into Ni+CO + C2H6 fragments, which is the only low energy path 

observed.  In accord with Equation 5.1, the depletion of precursor Ni+Ac ions is 

monitored as a function of time through selective detection of the charged Ni+CO 

fragment.  The rate constant k is then extracted from the decay waveform and represents 

the rate limiting step (either formation of TS1 or TS2) along the reaction coordinate. 
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Scheme 1  A representation of the Ni+–acetone interaction and the fragments, Ni+CO and C2H6, of the 
unimolecular decomposition of the Ni+–acetone complex. 
 
 

Experimental 
 
Instrumentation 
 

In general, a large supersonic source chamber is connected to a custom time of 

flight mass spectrometer (TOFMS) as shown in Figure 39.  Ionic clusters generated in 

the source are mass analyzed and detected in the TOF.  Pulsed laser beams can be 

oriented to enter the vacuum apparatus through a variety of windows and the location of 

the laser entry dictates the type of experiment performed. 

Specifically, the supersonic source chamber is a 120 L vacuum chamber 

(operational pressures ~ 3x10-6 Torr).  An external motor couples motion into the 

vacuum chamber and rotates a ¼ inch nickel rod (~98% pure) at a rate of 1.1 rpm.  The 

rotational motion is defined by high precision bearing rings press fitted into an open 

configuration stainless steel source block.  A high-pressure line is coupled into the 

vacuum chamber which connects to the source block through a series 9 General Valve.  
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The valve/rod assembly is centrally located in this main vacuum chamber.  

Momentarily opening the solenoid valve allows high-pressure (~100 psi) helium gas, 

doped with the vapor pressure of liquid acetone, to supersonically expand into the 

vacuum chamber.  As the expansion plume develops, 248 nm laser radiation from a 

pulsed KrF excimer is focused onto the rotating surface of the nickel rod, thus ablating 

the metal and seeding neutral and ionic nickel atoms into the jet-cooled expansion.  The 

substantial number of collisions between the doped carrier gas and Ni+ ensures the 

formation of the title Ni+Ac complex.  The large pressure drop (109) between the static 

gas reservoir and the vacuum chamber assures that the title complex is formed with 

minimal amounts of internal energy.  Experimental conditions are optimized to produce 

the coldest ion beams possible (see below). 

The expanding plume traverses ~80 cm of field free space, is skimmed twice, 

and enters between parallel capacitor plates of a Wiley–McLaren20 orthogonal 

accelerator (OA) located at the entrance of the TOFMS.  The TOFMS is independently 

pumped and is maintained at an operational pressure of ~2x10-7 Torr.  As the densest 

portion of the ion packet enters, the OA is pulsed from ground potential to +1.75 kV.  

The common kinetic energy imparted to the ions permits mass separation through the 

1.8 meter field free flight of the TOFMS.  After their drift through field free space, the 

separated ion packets enter a voltage-controlled hemispherical, kinetic energy analyzer 

(or sector).  The sector is custom fabricated from 316 stainless steel and is supported 

within the TOFMS vacuum apparatus (it is bolted onto one of the flanges in the five 

cross).  The entrance into the sector is located along the center line of the flight tube and 

naturally intersects the ion beam.  The potential difference across the halves of the 



 

86 
 

sector can be selected to transmit the full kinetic energy of the ion beam thus allowing 

the different ionic species produced in the expansion to strike a Chevron microchannel  

 
 
Figure 39.  Instrumental diagram.  Our apparatus consists of a large vacuum chamber coupled to a custom 
TOFMS.  The TOF contains a pulsed orthogonal accelerator at the entrance and a kinetic energy analyzer 
at the terminus.  The expanse between these two components represents the field free flight region where 
ionic fragment production is sampled. 
 
 
plate detector (Burle Industries) located at the sector’s terminus.  Precursor mass spectra 

(Figure 40) can then be acquired and analyzed to determine the identity and optimize 

the intensity of the complexes within the beam. 

Laser induced dissociation of a single precursor ion results in charged fragments 

which transmit through the sector at different characteristic voltage settings.  Although 

the dissociation event does not significantly affect the fragment’s velocity, the 

transmission voltage changes due to the change in mass of the fragment ion.  Figure 41 
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shows such a fragment transmission profile resulting from the laser induced dissociation 

of the Ni+Ac precursor cluster ion.  Here, 16400 cm-1 laser radiation is timed to intersect 

the Ni+Ac precursor ion 6 μs before it enters the sector.  The precursor ion dissociates 

into various charged fragments which transmit through the sector at their characteristic 

voltages.  The three dissociative products which are observed in high yield are Ni+, 

Ni+CO, and CH3CO+.  The shoulders observed in Figure 41 at ~365 and ~535 V are due 

to the 60Ni isotope of each cluster. 

 
 

Figure 40  Characteristic precursor time-of-flight mass spectrum of Ni+–acetone 
 
 

Photodissociation studies, in which a pulsed laser field intersects the ion beam 

just before the ions enter the sector, reveal the various types of potential fragments at 

various laser energies.  Although such preliminary experiments indicate the identity of 

possible fragment ions, probing the ion beam just in front of the sector proves incapable 
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of measuring reaction rate constants.  It is impossible to separate fragment ions created 

by a multiphoton absorption event from those generated through single photon 

absorption.  In fact, each intense fragment ion peak, observed in Figure 41, is 

accentuated by multiphoton absorption. 

Rather, to measure the unimolecular decay of a precursor ion, cations within the 

molecular beam absorb the photon energy prior to right angle extraction and mass 

separation within the TOF.  This is accomplished by guiding the laser beam into the 

vacuum apparatus through a viewport counterpropagating to the supersonic expansion 

axis (this configuration is shown in Figure 39).  The ionic molecules within the beam 

absorb the radiation and decay to produce fragment ions as the molecular beam 

approaches the OA.  All fragment ions produced in the expanse between photon 

absorption and the OA receive the same (full) kinetic energy imparted to the precursor 

ions during right angle extraction.  These “early” fragment ions are indistinguishable 

from the precursor beam and are therefore not detected.  Only those precursor ions 

which decay within the field free flight of the TOF can be detected through selective 

transmission through the sector.  Hence, our sector limits detection to those dissociation 

events which occur during field free flight within the TOF.  Decay curves generated by 

a computer-controlled scan of the timing delays.  The program varies when the 

dissociation laser encounters the molecular beam while measuring the intensity of 

selected fragment transmission through the sector.  This is described in greater detail 

below. 

Selectively monitoring fragment production which occurs only during the free 

flight time between the OA and sector discriminates against the detection of any fast 
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dissociative events.  Ions require ~2.4 μs to traverse the OA at nominal voltage settings, 

and any precursor which dissociates within the field of the OA will not be detected.  

Thus, fast two-photon dissociation processes provide minimal contamination to the 

fragment yield even at the high, pulsed laser fluences (30–50 mJ/pulse) employed for 

these studies. 

Of the three fragment ion products observed in Figure 41, only production of 

Ni+CO results from single photon absorption.  This has been confirmed by conducting 

 

 
 
Figure 41  A sector scan.  The x-axis represents the potential difference between the inner and outer 
surfaces of a hemispherical energy analyzer.  The sector is voltage tuned while a pulsed laser (photon 
energy = 16400 cm-1) induces dissociation of the precursor Ni+Ac complex ion.  The precursor ion 
dissociates into various charged fragments.  These transmit through the sector at a characteristic potential 
difference.  The identity of the fragment ions are indicated above the peaks and the shoulders at higher 
voltage results from the 60Ni+ isotope of each cluster. 
 
 
the analogous sector scan but where the laser intersects the molecular beam 3 μs prior to 

orthogonal extraction.  This effectively discriminates against dissociation caused by 
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multiphoton absorption (which must be a comparatively fast process).  The lack of 

observed signal indicates that the cleavage channel (production of Ni+) and the charge 

transfer dissociative channel (production of CH3CO+) are multiphoton induced events.   

The only fragment ion resulting from single photon absorption is NiCO+.  Additionally, 

the identity of the fragment NiCO+ has been confirmed through isotopic (deuterium) 

labeling of the acetone ligand.  The transmission resolution of the sector is insufficient 

to separate Ni+CO from Ni+C2H6; however, the resolution is more than adequate to 

separate Ni+CO from Ni+C2D6 (which is not observed). 

 
Data analysis 
 

Molecular cations, upon absorption of the laser photon energy, will dissociate as 

indicated in Scheme 1.  Because unimolecular decomposition is a first order process, 

excited precursor ions will decay in accord with Equation 5.1.  This decomposition 

results in a characteristic decay curve for the molecule under a specific set of 

conditions.  Regardless, this process is not what is measured directly in this study.  

Here, the precursor molecule absorbs radiation, thus initiating the reaction, before 

entering the OA.  Only the precursors which decompose after exiting the OA, but prior 

to entering the sector, will produce detectable fragment ions.  So, the molecular decay is 

sampled during the entire field free flight through the TOFMS.  This sampling method 

has the effect of integrating Equation 5.1 between two well defined limits:  ti = the time 

the precursors just exit the OA; and, tf = the time just prior to the precursor ions enter 

the sector.  The integrated area is then plotted as a single point, ỹ.  The time  

represents the decay that is lost (not sampled) during the precursor ion’s flight to the 

OA.  Experimentally, the time  equals the difference between the dissociation laser fire 
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command and the pulse to trigger the OA.  At zero , the laser intersects the ions within 

the OA, nanoseconds before the extraction pulse.  Thus, the only fragment signals lost 

are from those precursors which decay within the 2.4 μs travel through the OA field.  

Zero  will often represent a maximal point (most collected fragment signal) in the 

acquired decay curve.  Positive values of τ represent the amount of time the precursors 

decay into undetectable fragments before right angle extraction, thus the measured 

signal decreases as  increases.  At negative τ values, the OA is triggered to fire before 

the dissociation laser and any collected signals observed result from a constant collision 

induced dissociative background. 

The time, τequals ti minus the precursor ions travel time through the OA (here, 

2.4 μs).  The signals acquired in this study result from integrating Equation 5.1 between 

the limits ti and tf: 
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where t= tf – ti = the precursor ion’s field free flight time (~38 μs) through the 

TOFMS. 

Grouping the constants of Equation 5.2 into α: 
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and substituting ti = τ + 2.4 μs results in Equation 5.4, which has the same form of 

Equation 5.1 
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Thus, a plot of y vs. τ should yield exponential decay as that predicted by Equation 5.1; 

however, this parenthetical term in Equation 5.4 will often enhance the curve.  

Combining the α amplification with the rate constants observed in this study creates a 

data magnification of ~10–15 times.  We have found our technique to be proficient at 

measuring first-order reaction rate constants in the range of ~0.6–0.01 μs-1 and we 

believe this range likely extends from 1 to 0.005 μs-1. 

 
Results 

 
 

Initial Beam Conditions 
 

Displayed in Table 12 are the energy specific reaction rate constants for the 

unimolecular decomposition of Ni+Ac into Ni+CO + C2H6.  The internal energy of the 

ions is provided by absorption of the laser photon energy.  As this energy is well-

known, the resolution of the ion’s internal energy is determined by the distribution of 

initial quantum states populated within the jet-cooled ion.  Although there are multiple 

methods available to approximate the temperature of a supersonic expansion,102, 103 the 

characteristics of the beams typical to this study are approximated through fits of the ion 

velocity distribution within the expansion. 

It is widely accepted that collisions cool molecules expanding from a high-

pressure source to an area of low pressure and that the expansion nozzle configuration 

will control the number of collisions.34, 43, 104-107  Furthermore, collisions convert the 

internal energy (vibrational, rotational, and electronic degrees of freedom) of the gas 

molecules into directed mass flow.  Moreover, as the expansion develops, the collision 

frequency drops to such low levels that no further cooling can occur.  Under such 
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Table 12  First order rate constants measured for the unimolecular decomposition reaction: 
Ni+Ac → Ni+CO + C2H6 at various internal energies. 

 
Internal energy (cm-1) k(E)(s-1) 

18800 113000 ± 5000 

18000 96800 ± 3000 

17700 92700 ± 3000 

16400 59000 ± 2000 

16100 58000 ± 3000 

15600 55000 ± 3000 

 
 
collisionless conditions, assumptions of equilibrium are no longer valid and 

temperatures associated with the various modes of motion can be independently 

specified.  The translational temperature can be defined in terms of the ion velocity 

distribution within the beam.  In our studies, we define the ion velocity as the distance 

which the ions travel (~80 cm between the center of the OA and the nickel rod) relative 

to the difference in triggers pulses between the OA and excimer vaporization laser.  

This value is only an apparent velocity as no effort is made to determine the actual fire 

time of the pulsed equipment; however, this is of no consequence as the temperature is 

approximated from the distribution of ion velocities within the gas pulse and not the 

absolute velocities. 

Figure 42 shows the normalized velocity distribution for the intense cluster ions 

seen in the mass spectrum of Figure 40. The distributions are simultaneously acquired 

by scanning the pulse triggering the OA while maintaining constant source conditions 

(e.g. excimer and pulse valve fire commands, excimer pulse fluence, etc.).  Source 
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conditions are optimized to produce the narrowest, most symmetric precursor ion 

velocity distribution. 

 

 
 
Figure 42  The apparent velocity distribution of the intense precursor clusters of Figure 40.  Each trace 
represents a different precursor ion cluster.  The three signals were acquired simultaneously while 
scanning the difference between the excimer laser trigger and the OA trigger.  Thus, the peak width 
provides a measure of the velocity distribution within the molecular beam for each cluster ion.  The solid 
line represents a fit of this distribution to Equation 5.4, therefrom the translational temperature of the ions 
can be determined.  The Mach values indicated above are calculated from the extracted temperature and 
Equation 5.5. 
 
 

The probability of a certain velocity (ν) within the expansion can be derived 

from the Maxwell–Boltzmann distribution, 

   2

3 exp
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    (5.5) 

where T is the local temperature, ū is the average flow velocity in the expansion, and m 

is the weighted mass ( 95% He, 5% acetone) of the carrier gas.  The translational 
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temperature of the ions is determined by fitting Equation 5.5 to the experimentally 

determined ion velocity distribution.  The corresponding curves are shown as solid lines 

in Figure 42.  These curves indicate the low ion translational temperatures within the 

beam.  Those temperatures are less than 1 K for each precursor ion shown.  The Mach 

number (M) is the ratio of the average flow velocity to the local speed of sound within 

the expanding gas and can be determined from the temperatures obtained from Equation 

5.5.  The Mach numbers indicated in Figure 42 were calculated from Equation 5.6, 
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where Tr is the gas reservoir temperature (300 K) and  is the ratio of the heat capacities 

for a 5/95 mixture of acetone vapor in helium. 

The narrow velocity distributions and high Mach numbers evident in Figure 42 

demonstrate the substantial cooling that occurs under optimal experimental conditions.  

Such high Mach numbers are not beyond the coldest supersonic expansions observed.104  

The traces of Figure 42 only indicate the translational temperature of the beam; 

however, it is the cooling of vibrational and rotational degrees of freedom that result in 

directed mass flow.  Understandably, with 57 normal vibrational modes, Ni+(Ac)2 was 

not as effectively cooled in the supersonic expansion, resulting in a wider velocity 

distribution as compared to the other observed clusters.  The coldest cluster ion in the 

beam is Ni+CO, with only 4 vibrational modes storing internal energy.  The velocity 

profile for the title molecular ion, Ni+Ac, is slightly larger than that observed for 

Ni+CO.  The minor increase would suggest that most of the vibrational energy has been 

removed.  Therefore, perhaps only the lowest frequency vibrational modes of the cluster 



 

96 
 

are populated at experimental conditions and these would represent a negligible 

contribution to the internal energy of the ion. 

Finally, there are two factors that help to cool ions relative to neutrals under 

supersonic expansion conditions which lead to the high Mach numbers observed here.  

(i) Ions seeded into the expansion plume suffer more cooling collisions relative to 

neutral molecules due to the long-ranged attractive potential (e.g. ion-dipole or ion-

induced dipole), which occurs between the cation and acetone or helium. (ii) The 

presence of a positive charge bound to the dipole moment of acetone will tend to make 

the ionic cluster more rigid than the neutral.  The added rigidity tends to raise the 

vibrational frequencies of the low energy vibrational motions of neutral acetone.  The 

higher frequency modes are less likely to be populated at the reduced temperatures of 

the expansion. 

 
Reaction Rate Constants, k(E) 
 

The lower panels of Figures 43 – 45 show the exponential decay profiles of 

Ni+Ac dissociating into Ni+CO + C2H6, which directly result from absorption of the 

laser photon energy.  As the precursor cluster ions are jet-cooled in the supersonic 

expansion, the photon energy supplies the amount of internal energy available to the 

complex.  The time axes of Figures 43 – 45 indicate when the pulsed laser is triggered 

to fire with respect to the ion’s time displacement relative to the OA.  The top traces of 

Figures 43 – 45 plot the natural logarithm of the integrated intensity as a function of τ 

(Equation 5.4).  The linear portion of each decay profile was fit to a straight line and the 

rate constant (k(E)) was extracted.  The rate constants are provided in each figure as 

well as in Table 12 and clearly demonstrate a dependence on the internal energy of the 



 

97 
 

complex.  As the internal energy of the complex decreases, so does the unimolecular 

dissociation rate constant. 

 

 
 
Figure 43  The bottom panel plots the intensity of acquired fragment (Ni+CO) signal resulting from the 
precursor Ni+Ac absorption of laser radiation (photon energy = 18800 cm-1).  The increasing time axis 
indicates when the dissociation laser is triggered to fire relative to the temporal displacement of the ions 
from the OA.  Fewer dissociation events are detected at all positive values of time because a portion of 
the precursor decays before orthogonal extraction.  This results in an apparent 1st order decay profile 
resulting from the unimolecular dissociation reaction of Ni+Ac → Ni+CO + C2H6.  The top panel plots the 
natural logarithm of the intensity vs. time, thence the first-order rate constant is extracted.  The rate 
constant is expressed in the figure and is labeled by the photon wavelength used to initiate the 
dissociation reaction. 
 
 

The curves of Figures 43 – 45 show unique behavior at early times (0–12 μs).  

Figure 43 shows a decay profile fit adequately from 0–35 μs by a single rate constant 

k(E = 18800 cm-1) = 113000 ± 5000 s-1.  In Figure 44, the early data ( 0–8 μs), does not 

vary with time, but, follows first-order decay from 8 to 50 μs.  From this long decay 

time, a single rate constant k(E = 18000 cm-1) = 96800 ± 3000 s-1 was extracted.  Figure 
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45 shows a comparable decay profile.  Here, the data acquired at long times ( 12–60 s) 

shows exponential decay described by a single rate constant k(E = 16400 cm-1) = 59000 

± 2000 s-1.  The early data appears to round off in a type of plateau, comparable to the 

observations in Figure 44; however, built on this time invariant portion of the profile is 

a fast decay curve with a relatively large rate constant.  It is likely the fast decay 

component results from two-photon absorption, resulting in the significantly larger rate 

constant, (k(E = 32800 cm-1) = 310000 ± 40000 s-1).  The decay profiles of Figures 43 – 

45 can be adequately described by assuming there are two rate constants that mediate 

the kinetics of the reaction.  One of the rate constants is rate determining and the other 

is slightly larger; but, both decrease with decreasing energy. 

 
 

Figure 44  The same kinetic study as in Figure 43, except with a photon energy = 18000 cm-1. 
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From Scheme 1, the likely choice for these two rate constants are k1 (the 

formation of the multicentered Ni+ transition state, TS1) and k2 (the formation of 

tricoordinated Ni+, TS2).  The value of k3 is assumed large as this involves the direct 

elimination of the electrostatically bound ethane molecule from Ni+CO without 

rearrangement.  This assumption is consistent with DFT calculation.101  Scheme 1 

suggests a reaction coordinate of consecutive steps to produce Ni+CO + C2H6 from the 

precursor Ni+Ac.  Our data suggests the reaction kinetics is controlled by the formation 

of two transition states, making both k1 and k2 kinetically important steps along the 

reaction coordinate.  The solutions to the differential rate equations that govern 

precursor loss and fragment production have been solved for this type of system by 

Harcourt and Esson.9, 108  Following their treatment, the time variations in the 

concentrations of (Ni+Ac)t, the first intermediate in Scheme 1 (I1)t, and product 

(Ni+CO)t can be derived: 

1
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        (5.9) 

we define the difference in rate constants as 2 1k k k   .  Under conditions whenk is 

large, Equation 5.9 reduces to:   

0( ) ( ) (1 )t
tNi CO Ni Ac e             (5.10) 

where  = k1 when activation of the C–C -bond is rate limiting (k1 << k2); and  = k2 

when isomerization (the metal mediated methide shift) is rate limiting (k1 >> k2).  
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Regardless, under conditions when k  is large, the production of fragment Ni+CO 

occurs simultaneously as the precursor (k1 is rate limiting), or the intermediate (k2 is rate 

limiting) decays.  This results in sharp behavior in the early times of the decay profile. 

 

 
 

Figure 45  The same kinetic study as in Figure 43, except with a photon energy = 16400 cm-1. 
 
 
Therefore, when the precursor Ni+Ac contains 18800 cm-1 of internal energy, the 

dissociation kinetics is dominated by a single rate constant. 

When Δk is small, a time lag between the initial decay of the precursor and the 

ultimate fragment formation may be observed.  This time lag is referred to as an 

induction period.  Such induction periods are common in radioactive, nuclear decay and 

result from either the relatively slow production and build-up of an intermediate or from 

the relatively slow consumption of the intermediate.  These induction times, which 
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become more apparent as Δk approaches zero, are responsible for the time-independent 

features in Figures 44 and 45.  With 18000 cm-1 of internal energy, the induction time 

for the Ni+Ac reaction into products is ~10.4 μs (8 μs determined through inspection of 

Figure 44 plus the 2.4 μs travel time through the OA).  Decreasing the amount of 

internal energy to 16400 cm-1 (Figure 45) results in an increased induction time to ~15 

μs.  The profile in Figure 43 appears sharp at 0 μs and decays continuously; thus the 

induction time associated with 18800 cm-1 of internal energy deposited into the Ni+Ac 

ion is less than the travel time through the OA. 

These results indicate that either the formation of TS1 and subsequent C–C -

bond activation is rate limiting or the cation-mediated methyl migration is rate limiting.  

The induction period observed at photon energies below 18000 cm-1 is associated with 

the step that is not rate limiting.  Since this technique is (currently) limited to the 

detection of only the final product Ni+CO, we cannot confidently indicate which of the 

two processes is rate limiting and which results in the induction periods observed at low 

levels of internal energy.  However, it is obvious that both the rate constants (k1 and k2) 

and the difference in the rate constants (Δk) decreases with decreasing amounts of 

internal energy. 

 
Discussion 

 
The ground electronic state bond energy of the Ni+Ac complex ion has been 

calculated101 as 20300 cm-1, similar to the measured bond energy for the Co+(Ac) 

complex (18187 cm-1).95  The bonding is likely electrostatic as the ion-dipole attractive 

potential, determined at the Ni+–OC(CH3)2 distance predicted by theory,101 is 19600 cm-

1.  The charge in the complex is localized on the nickel atom as justified by the 
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difference in IP between the two bonding partners (the energy required to ionize atomic 

nickel is ~16500 cm-1 less than that required to ionize acetone109). 

Upon laser irradiation, the Ni+Ac complex ion absorbs a visible photon and is 

promoted to an electronically excited state.  The Ni+ cation must be the chromophore as 

electronic transitions in acetone occur only in the UV.110, 111  The lowest lying, excited 

electronic state of Ni+ is a 4F(3d84s) with lowest energy spin–orbit component (J=9/2) 

lying 8393.9 cm-1 above the Ni+ 2D ground state.  Electronic transition to this 4F 

manifold of states initiates the dissociative chemical reactions observed in this study.  

This Ni+ centered electronic transition {4F(3d84s) ← 2D(3d9)} is both spin and parity 

forbidden.  The prepared, excited quartet electronic state of Ni+Ac is metastable; the 

absorbed photon energy is insufficient to cause direct dissociation into Ni+ + acetone 

fragments (the energy of the prepared state is below the adiabatic bond energy of the 

complex) and coupling to the ground state through photon emission is optically 

forbidden.  Rather, there are two probable fates for the metastable quartet state: (i) 

absorption of a second photon resulting in fast dissociation into fragments, or (ii) 

intersystem crossing to the high vibrational levels of the ground, doublet electronic 

state.  It is the latter process that provides the activation energy for unimolecular 

dissociation of Ni+Ac into Ni+CO + C2H6 fragments. 

Figure 46 shows qualitative potential energy surfaces for the purpose of 

demonstrating the deposition of energy into the ionic molecule.  Both ground and 

excited state potentials represent a slice through the multidimensional surface along 

Ni+–OC(CH3)2 stretching coordinate.  The well depth and bond length of the ground 

state surface was chosen to be consistent with DFT calculation.101  The upper state bond 



 

103 
 

was assumed to be 25% less bound and 15% longer than the ground state.  This 

difference is consistent with the s ← d electronic promotion in Ni+; electronic 

occupation of the s-orbital increases repulsions along the bond axis and thus the excited 

state bond must be longer and weaker than the ground state.  The energy difference at 

the Ni+ + acetone separated limit is 8393.9 cm-1, consistent with the electronic transition 

{4F(3d84s) ← 2D(3d9)} in atomic Ni+.  The potential energy surfaces of the ground and 

excited states of Ni+Ac are superimposed upon oversimplified reaction coordinates 

(symbols of Figure 46).  The doublet reaction coordinate (evolving from the doublet 

ground state) experiences an activation energy chosen to be consistent with 

experimental observation.  The higher energy quartet reaction coordinate is a visual aid 

only.  Neither doublet nor quartet reaction pathways will follow the symmetric Ni+–

OC(CH3)2 stretching coordinate.  Rather, both break from the solid curve of Figure 46 

at intermediate values of RNi–O.  In the reaction coordinate (which may initially follow 

the Ni+–OC(CH3)2 in the plane bend), the Ni+ migrates toward the C–C -bond, 

activates the bond (via insertation), the molecule isomerizes (a methide shift), and, 

finally, dissociates into products.  A local minimum along the reaction path is the 

electrostatic, T-shaped Ni+CO–ethane complex. 

The vertical arrow of Figure 46 indicates the quartet ← doublet electronic 

transition, which occurs to initiate the Ni+Ac decomposition reaction.  The absorbed 

photon is at energies in excess of the activation energy along the doublet reaction 

coordinate.  Fast intersystem crossing deposits the energy, supplied by the photon, into 

high lying vibrational states within the ground electronic state potential.  Although  
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Figure 46  Semi-quantitative Ni+Ac (Morse) potential energy surfaces (solid curves) superimposed upon a 
hypothetical Ni+Ac → Ni+CO + C2H6 reaction coordinate (symbols)  The potential energy surfaces are a 
slice along the Ni+–OC(CH3)2 symmetric stretching coordinate and show both the ground doublet 
electronic state and excited quartet state.  The vertical arrow indicates the type of electronic transition 
which initiates the dissociative reactions observed in this study.  The symbols represent spin-specific 
reaction coordinates.  They group any activated complex into a common maximum. 
 
 
internal vibrational redistribution (IVR) tends to scramble the energy into the various 

vibrational modes of the molecule, the cluster modes (those involving motion between 

the Ni+ and the acetone molecule) are assumed to retain the bulk of the energy.  This is 

conceivable since the Ni+ cation is the chromophore in the transition (primarily 

4F(3d84s) ← 2D(3d9)) and the cluster modes may inefficiently couple to the vibrational 

modes of the neutral.  The net effect is the localization of energy and provision of 

sufficient motion between the Ni+ cation and the acetone molecule to allow activation of 

the C–C -bond.  Again, it is only an assumption that inefficient IVR is at play.  Ni+CO 
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is the only observed low-energy fragment and indicates that Ni+ must move counter to 

the dipole moment of acetone prior to bond activation.  This portion of the activation 

energy can be approximated from the DFT calculated reaction coordinate101 as ~ 14000 

cm-1.  It is unlikely that any fragment signal would be observed by this experimental 

technique if IVR efficiently channeled energy away from the reaction coordinate. 

Once this inertial activation energy has been supplied, attractive forces between 

the Ni+ cation and the carbon atoms within the organic permit completion of the 

reaction.  It must be the electronic structure of the Ni+ cation and the interactions along 

the reaction coordinate that account for bond activation and subsequent release of 

products.  Bond energies of both the neutral (18300 cm-1) and cationic (13900 cm-1) Ni–

CH3 complexes have been calculated.112  High level ab initio theory indicates the 

Ni+CH3 complex has one of the lowest M–C bond energies of the (n = 3) M+CH3 

transition metal period.  The neutral Ni–CH3 analog, however, had the highest M–C 

bond energy from this same period of M–CH3 cluster molecules.  According to 

calculations, the ion has more d-character in the Ni–C bond relative to the neutral.  

Additionally, the bond energy of the Ni+CO ion has been measured90 at 14600 cm-1 and 

both ion and neutral are believed to have essentially identical bond energies.112-114  To 

form I2 (Scheme 1), the cation forms a covalent bond with each of the carbon atoms.  

Although the d9 electronic configuration of Ni+ is the most appropriate to activate the -

bond,115 as the covalent bonds form, the cation likely promotes to the upper d84s 

configuration which now has two unpaired electrons capable of covalent bonding.  The 

promotion energy is approximated as 8400 cm-1.  For Ni+ to break the C–C -bond of 

acetone, both the bond energy and Ni+ promotion energy must be supplied, resulting in 
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38000 cm-1.  However, from this aliquot of energy, a portion is returned through Ni+–C 

bond formation.  Assuming that the Ni+CH3 and Ni+CO bond energies approximate this 

returned energy; the sum of these contributions place the intermediate roughly 9500 cm-

1 above the Ni+Ac global minimum.  This value is 3300 cm-1 less than the DFT 

calculated predictions,101 which placed the energy of I1 12800 cm-1 in excess of the EC 

energy. 

The final step in the mechanism is the formation of ethane resulting from a CH3 

shift across the Ni+.  The TS2 (Scheme 1) has the Ni+ bound to three carbon atoms.  The 

electrostatic attraction between the slightly negative methyl group and the Ni+ cation 

(and/or repulsions between the methyl group and the carbonyl oxygen) likely initiate the 

methyl shift to form the transition state.  Moreover, to facilitate three bonds, the Ni+ 

cation must again promote electrons (perhaps to empty p-orbitals) or invoke 

hybridization; the energy cost is prohibitive.  More likely, the Ni+ cation returns to the 

initial d9 configuration thus recovering the promotion energy and capitalizing on the 

electrostatic bonding with the three moieties.  The loss of s-character in the Ni+–CH3 

bond would tend to weaken each Ni–C bond, which perhaps directs the formation of the 

product ethane.  The re-formation of the -bond (in ethane) recovers the initial energy 

input required to break the C–C bond of acetone, and the final intermediate is the 

Ni+CO complex electrostatically bound to a neutral ethane molecule.  Release of ethane 

follows allowing detection of the separated Ni+CO fragment.  Therefore, Ni+ may 

exhibit the subtle interplay between ionic and partially covalent (s–d promotion) 

bonding character, which allows activation of reactants and subsequent release of 

products. 
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Conclusions 

 
The kinetics associated with the unimolecular decomposition reaction: Ni+Ac → 

Ni+CO + C2H6, have been studied in unique fashion over a range of internal energies.  

The energies in this study are below the adiabatic bond energy of the complex and well 

below the energy required to dissociate a C–C -bond in an isolated organic molecule.  

The decay waveforms acquired here at low internal energies are composed of an 

induction period followed by first-order decay.  These findings indicate that the reaction 

kinetics are controlled by the formation of two transition states at low internal energies.  

One of these two processes is associated with the induction time in the decay waveform 

while the other is the rate-determining step in the dissociative reaction.  Rate constants 

between 113000 ± 5000 and 55000 ± 3000 s-1 were determined from the experimental 

data between 18800 and 15600 cm-1, respectively.  As decreasing amounts of internal 

energy were supplied to the complex, the rate constants decreased, accordingly. 

Although this type of reaction has been studied extensively, our findings 

represent the first experimental determination of the kinetics of this type of reaction.  

Continued research in this area will not only allow the determination of rate constants, 

but will shed light on the dynamics associated with this and similar “catalytic-type” 

reactions. 

 
Acknowledgments 

 
We gratefully acknowledge research support from the ACS Petroleum Research 

Fund (44393-G6).  Additionally, funds from the Baylor University Research Committee 

and the Vice Provost for Research supported this study.  



 

108 
 

 
 

CHAPTER SIX 
 

Conclusions 
 
 

General Conclusions 
 

The studies presented here denote the viability in measuring kinetics of 

organometallic molecular adducts.  Many calculations and much time went into the 

development and calibration of the instrument.  Much of this work is presented in 

Chapters two and three and the appendices immediately following this Chapter.  These 

studies and spectra display wide ranging abilities of the machine that have only just 

begun.  It is capable of studying neutral clusters, as was seen in the calibration using 

toluene (Figures 26 and 27) and Ni+ benzene (Figure 7).  In Chapter four, an atomic 

copper Rydberg series was defined and published.  Finally, the kinetics of a metal 

catalyzed dissociation reaction was observed and rate constants were extracted from the 

data.  This published information was shown in Chapter five. 

A hemispherical kinetic energy analyzer was installed and the issues that arose 

were dealt with using the in-house skills of Dr. Bellert and his graduate students, the 

Baylor Sciences Building machine shop, the Baylor Engineering and Computer 

Sciences machine shop, and the Baylor Sciences Building electrical shop.  This 

information was denoted in Chapter three. 

The TOFMS instrument has proven to be efficient at a variety of spectroscopic 

techniques and is presently in use by the next generation of graduate students.  They 

have taken the instrument to the next level and studies into photoelectron techniques 

may be in the works. 
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Future Directions 
 

For additional veracity to be added to the treatment of the data in the scientific 

community’s eyes, rigorous theoretical studies should be implemented.  For the current 

unimolecular dissociation studies, RRKM (Rice–Ramsberger–Kassel–Marcus) analyses 

would assist the group in extracting energies of activation for their reactions.  

Moreover, rate constants of the systems can be used to calculate the distributions of 

internal states, whether Boltzmann or ergodic (stochastic).10, 15  RRKM would have to 

be preceded by a theoretical analysis of the vibrational states of the molecular system in 

question.  This information could be acquired through the use of AM1, DFT or ab initio 

investigations, as RRKM studies entail setting up a ratio of the density of vibrational 

states of the molecular reaction and the sum of vibrational states of the transition state at 

internal energy E.  The equation defining this expression is:13, 15 

#
0( )

( )
( )

N E E
k E

h E





      (6.1) 

with k(E) being the rate constant at internal energy E, E0 is the critical energy of 

activation (not necessarily exactly equal to the Arrhenius activation energy, as Ea is 

dependent on temperature), ρ(E) is the density of vibrational states at energy E, N#(E – 

E0) is the sum of the vibrational states from 0 to E – E0 in the transition state of the 

mechanism, h is Planck’s constant, and σ is the reaction symmetry factor. 

Since we can, as has been seen in this document, excite molecules or ions into 

well-defined states (low-pressure, therefore minimal collisions), these rate constant 

measurements can be used to improve theoretical models which attempt to describe 

unimolecular dissociative reactions.  Since the majority of molecular systems decay via 

a bound potential energy surface in a statistical manner, improvement in the statistical 
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handling of data through theoretical treatments can allow us, as scientists, to calculate 

unimolecular rate constants at fixed internal energies and which agree with 

experimental data.15 
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