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ABSTRACT 

Decades of experimental and theoretical achievements built on the foundations of 

thermochemistry and quantum mechanics have birthed the field of molecular dynamics where 

intimate details of individual reactive events can be mapped. On the ground state of formaldehyde, 

two dissociation pathways are commonly known, one proceeding over a high barrier through a 

three-center, tight transition state to give molecular products, and another via homolytic simple 

bond fission to radical products. A third, distinct ground state dissociation pathway first seen in 

formaldehyde 15 years ago, the ‘roaming’ mechanism, involves incipient radicals, but the H atom 

samples a large, flat region of the PES, roaming in the van der Waals region, leading to an 

intramolecular H + HCO reaction. Roaming reactions have been visualized from a classical 

perspective with only a few exceptions in the literature despite the likely quantum nature of the 

process. A major objective of the presented work is to reveal quantum aspects of roaming 

reactions. Here, a few different molecules (C3H3Cl, HDCO, and H2CO) were investigated with the 

goal of characterizing roaming radicals on the ground state, where roaming observations have 

primarily occurred.  

Knowledge of the excited states of propargyl chloride was necessary to understand the 

experimental observations from investigation of its ground state. Ultraviolet (UV) 

photodissociation and state-specific detection with velocity map imaging of Cl, Cl*, and C3H3 

were interpreted with the aid of multireference calculations to characterize the nature of the 

electronic excitations. A series of triplet states were identified to preferentially dissociate to Cl or 

Cl*. Infrared multiphoton excitation and infrared multiphoton dissociation (IRMPD) of propargyl 

chloride enhanced UV processes and allowed for radical dissociation at threshold. IRMPD on the 
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ground state produced HCl following isomerization to 1-chloroallene, where a roaming-like 

transition state with Cl in an abstraction geometry is adopted.  

Accurate H and D atom ground state radical thresholds of singly deuterated formaldehyde, 

HDCO, were obtained from velocity map imaging to aid future studies HDCO dynamics studies. 

The different radical thresholds, arising from the difference in zero-point energies, is a purely 

quantum phenomenon. PHOFEX spectra over a wide range were collected, creating a library of 

known frequencies of rotational lines that can be used to study the dynamics of different vibrational 

bands and the energy dependence of different processes. Heats of formation of HDCO and DCO 

were also determined. 

Finally, a detailed examination of the photochemical dynamics in both ortho and para 

nuclear spin isomers of formaldehyde is provided, exploring the full range of parent rotational 

levels from J = 0 to 4, initially prepared via excitation of specific rotational lines of a range of 

vibrational bands on the first singlet excited state (2141, 2161, 2143, 2241, 2243). Measurements of 

the entire CO (v = 0) product rotational distributions are combined with velocity map imaging of 

selected CO product states to obtain a complete picture of the photochemical dynamics for each 

specific parent rotational level. Distributions are found to vary dramatically with small changes in 

total energy, effects not captured at all by classical treatments. Full quantum state correlations 

reveal interactions among three formaldehyde dissociation continua, yielding rich insight into the 

dynamics of this highly excited molecule as it decays to products. An orbiting resonance dominates 

the dynamics, though other possible dynamical phenomena are noted. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The fundamental understanding of chemical reactions grew from the foundation of 

thermochemistry. Heats of formation of reactants and products are essential to inform where the 

energy in different steps of a reaction is partitioned, and databases are maintained to tabulate these 

values.1,2 Thermochemistry says nothing of the necessary steps to change from one substance to 

another. Quantum mechanics expanded the scientific pursuit to use molecular structure to 

understand reactivity and created detailed methods to interpret and predict spectra. Spectral 

databases3-7 containing energies of different quantum states and transitions of thousands of 

molecules and powerful software8 now exist to aid in our spectral assignments and predictions. 

Decades of experimental and theoretical achievements built on these foundations has birthed the 

field of molecular dynamics where intimate details of individual reactive events can be mapped. 

Crucial technological developments such as molecular beams, high speed vacuum pumps, and high 

power density lasers with narrow linewidths for quantum state-resolved detection of atoms and 

molecules saw a proliferation of chemical dynamics experiments. Knowledge of the fundamental 

interactions of isolated reactions provides a panoramic view of the convoluted network of reactions 

that occur in astrochemical, atmospheric, and combustion processes. In the gas phase, isolated 

molecules and single reactive events, whether unimolecular dissociation or bimolecular collisions, 

can be investigated.  Key concepts of elementary chemical reactions and processes have been 

developed through gas phase studies, culminating in the 1986 Nobel Prize in Chemistry being 

shared by Dudley R. Herschbach, Yuan T. Lee, and John C. Polanyi.9-11  
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 These concepts learned from simple reactions remain broadly applicable to many different, 

more complex systems today. Furthermore, experiments studying simple reactions were essential 

in the development of robust computational methods that are used to build the potential energy 

surfaces (PES) that shape predictions of the possible pathways that are most likely to occur in a 

reaction. Electronic structure methods continue to improve and can completely describe ground 

and excited states, and how they are coupled. Stationary point structures on the energy  landscape 

can be accurately determined and are essential to predicting rate constants in unimolecular 

processes as a function of energy by the Rice-Ramsperger-Kassel-Marcus (RRKM) expression 

used in transition state theory (TST) of chemical reactivity.12-16 In the RRKM expression, the 

transition state barrier is defined as the highest point on the minimum energy path between 

reactants and products.17 Numerous systems, however, have been identified experimentally and 

theoretically that do not follow the minimum energy path and constitute a significant portion of 

the reactive flux. Variation in the unimolecular rate constant with energy and the magnitude of the 

rate constant in van der Waals molecules, for example, have been known to disagree with RRKM 

theory.18-20 These pathways that stray from the typical, minimum energy pathway have come to be 

known as ‘roaming’ pathways. 

 Roaming reactions have been visualized from a classical perspective with only a few 

exceptions in the literature.21,22 Quasi-classical,23-27 statistical,28-31 and TST phase space 

perspectives32-35 have primarily been used to treat the roaming mechanism despite the extreme 

quantum nature of the process, which will be described in detail in the next section. Experiments 

focused on uncovering the quantum aspects that affect the dynamics have also not been conducted 

apart from theoretical investigations of H + MgH → Mg + H2.
21,22,36 Most roaming systems are 

considered too large or energetic for a quantum mechanical description, and there are a many 
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dynamical possibilities that could possibly obscure the determination of a quantum effect. 

Although NO3 showed the importance of roaming in excited electronic states,37-39 roaming 

observations have primarily occurred on the ground state, and in this thesis experiments were 

performed on a few different molecules with the goal of investigating roaming radicals on the 

ground state. A major objective of the present work is to reveal quantum aspects of roaming 

reactions. 

Complex excited dynamics of propargyl chloride were observed while preparing for 

investigation of its ground state dynamics.40 Knowledge of the excited states of propargyl chloride 

are necessary to interpret the experimental observations from investigation of its ground state, and 

provide rich insight into the electronic excitations of a substituted sp hybridized system.41 Thus, 

ultraviolet (UV) photodissociation of propargyl chloride is first covered in Chapter 3 before 

moving on to infrared multiphoton excitation (IRMPE) and infrared multiphoton dissociation 

(IRMPD) of propargyl chloride in Chapter 4. Experiments on singly deuterated formaldehyde, 

HDCO, are then presented in Chapter 5 where H and D atom radical thresholds are determined to 

aid future studies that will probe the effect of symmetry on formaldehyde dynamics.42 This 

difference, arising from the difference in zero-point energies, is a purely quantum phenomenon, 

although a familiar one. Finally, the most revelatory results, quantum aspects of H2CO 

photodissociation dynamics, are discussed in Chapter 6. Because the roaming mechanism is vital 

to understanding the impact of the presented results, an overview of the phenomenon is first 

provided. 
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1.2 Roaming Dynamics 

Though formaldehyde photodissociation dynamics and spectroscopy will be covered in 

greater detail in Chapters 5 and 6, the most instructive and well-studied example of roaming is that 

of formaldehyde. Selected roaming investigations of formaldehyde are thus used to explain the 

mechanism. A characterization of the roaming mechanism was first provided through joint 

theoretical and experimental studies of H2CO.24,43,44 Earlier studies had reported related dynamical 

behavior, though without painting a full picture of the underlying dynamics or identifying the 

mechanism causing the observables.45-50  

On the ground state of formaldehyde, dissociation by a third way was identified and 

described in detail.24 The commonly known pathway to molecular fragments, Equation 1.1, 

proceeds over a high barrier through a three-center, tight transition state (TS) (Figure 1.1, green 

Fig. 1.1 Schematic illustration of S0 dissociation pathways of formaldehyde. Adapted 

with permission from A.G. Suits, Ann. Rev. Phys. Chem., 71, 77–100 (2020) 

© Annual Reviews. 
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line). The other established pathway to radical fragments by homolytic simple bond fission, Eq. 

1.2, opens at higher energy (Fig.1.1, red line). The third, distinct pathway involves incipient 

radicals, but the H atom samples a large, flat region of the PES, roaming in the van der Waals 

region, leading to an intramolecular H + HCO reaction (Fig. 1.3, blue line), Eq. 1.3.  

    𝐻2𝐶𝑂 →  𝐻2 + 𝐶𝑂     (1.1) 

𝐻2𝐶𝑂 →  𝐻 + 𝐻𝐶𝑂     (1.2) 

   𝐻2𝐶𝑂  → [𝐻 − −𝐻𝐶𝑂] →  𝐻2 + 𝐶𝑂    (1.3) 

Evidence of an alternate pathway to molecular products in formaldehyde dissociation was 

first observed by Moore and coworkers.51 When energies above the radical threshold were used to 

excite formaldehyde, the CO rotational distribution had a larger low-jCO population, with jCO  the 

CO rotational quantum number. Two explanations were offered, one stated that the anharmonicity 

of the transition state at higher energies allows for additional geometries to be sampled and produce 

CO with lower rotational excitation. The other explanation was the presence of a distinct pathway 

to molecular products related to opening of the radical channel and a subsequent intramolecular 

hydrogen abstraction. 

More than a decade later, high resolution photofragment imaging of vibrationless CO 

rotational states from H2CO photodissociation was performed to resolve the question of the 

dynamics involved.24 Formaldehyde was excited with a single photon from a ground state, S0, of 

an initial rovibrational state energy, ES0, to a rovibrational state of the first singlet excited state, S1, 

at a precise energy, ES1, above the radical threshold. The energy of the photon, hv, was, 

ℎ𝑣 =  𝐸𝑆𝐼 −  𝐸𝑆0    (1.4) 



6 

 

Internal conversion to the ground state, S0, produces vibrationally excited formaldehyde that 

subsequently dissociates via the pathways described in Eqs. 1.1 to 1.3. Specific CO rotational 

states were probed via resonance-enhanced multiphoton ionization (REMPI), and by using weak 

direct current (DC) velocity mapping focusing fields the recoiling products were imaged. Velocity 

distributions were thus visualized for different CO rotational states, with smaller to larger radii 

structure corresponding to increasing velocity of the detected CO fragment. 

For the dissociation H2CO → H2 + CO, products recoil at a distribution of velocities. If the 

velocity of CO can be measured, the total translational energy (ET(CO)) of CO can be calculated by 

Eq. 1.4 using the mass of CO and its detected velocity.  

  𝐸𝑇(𝐶𝑂) =  
1

2
𝑚𝐶𝑂𝑣𝐶𝑂

2    (1.5) 

Conservation of momentum dictates that, 

𝑚𝐶𝑂𝑣𝐶𝑂  +  𝑚𝐻2𝑣𝐻2 = 0     (1.6) 

 The total translational energy release (ET(total)) from the dissociation event contained in CO and H2 

can thus be determined: 

𝐸𝑇(𝑡𝑜𝑡𝑎𝑙)  =  𝐸𝑇(𝐶𝑂)  + 𝐸𝑇(𝐻2)   

=  𝐸𝑇(𝐶𝑂)  +  
1

2
𝑚𝐻2𝑣𝐻2

2
 

=  𝐸𝑇(𝐶𝑂)  +  
1

2
𝑚𝐻2 (

𝑚𝐶𝑂𝑣𝐶𝑂

𝑚𝐻2
)

2

 

=  𝐸𝑇(𝐶𝑂)  +  (
𝑚𝐶𝑂

𝑚𝐻2
) (

1

2
𝑚𝐶𝑂𝑣𝐶𝑂

2) 
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=  𝐸𝑇(𝐶𝑂)  +  𝐸𝑇(𝐶𝑂)

𝑚𝐶𝑂

𝑚𝐻2
 

=  𝐸𝑇(𝐶𝑂)

𝑚𝐶𝑂 + 𝑚𝐻2

𝑚𝐻2
 

=  𝐸𝑇(𝐶𝑂)
𝑚𝐻2𝐶𝑂

𝑚𝐻2
     (1.7) 

The available energy in the system is: 

𝐸𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =  𝐸𝑆𝐼 −  𝛥𝐻𝑓    (1.8) 

where ΔHf is the difference in the 0 K heats of formation of the reactant, H2CO, and products, H2 

+ CO. The available energy must be distributed amongst the degrees of freedom of H2 and CO, or 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝑇(𝑡𝑜𝑡𝑎𝑙) +  𝐸𝐼𝑁𝑇,𝐻2 +  𝐸𝐼𝑁𝑇,𝐶𝑂   (1.9) 

where EINT,H2 and EINT,CO are the internal energies of H2 and CO, respectively.  

State-resolved detection via REMPI allows for the internal energy of CO to be known 

exactly by virtue of the detected quantum state, and the energy in the system can thus be tracked. 

Only the internal energy of H2 is unknown, and ground state H2 rovibrational levels have well 

defined energies. Smaller to larger radii structure in CO photofragment images thus correspond to 

decreasing internal energy of the H2 cofragment. Rotational states of jCO = 40, 28 and 15 were 

imaged (Fig. 1.2, left) and the translational energy distributions (TEDs) were extracted from the 

images (Fig. 1.2, right). For jCO = 40, 28 and 15, H2 vibrational states from v = 0 to 3, v = 0 to 7 in 

a bimodal distribution, and v = 5 to 7 were formed, respectively. Quasi-classical trajectories (QCT) 

were performed from two different geometries, one at the global S0 minimum and the other with 

one CH bond initially stretched to twice the equilibrium length. TEDs produced by these 
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trajectories were able to qualitatively match the experimental data (Fig. 1.2, right, dashed lines) 

and confirm the existence of the roaming mechanism. 

Key aspects of TST are challenged by roaming reactions. In TST, reactants and products 

are associated with distinct regions of configuration space and are necessarily separated by an n-1 

dimensional hypersurface, where n are the internal degrees of freedom of the system. Any pathway 

Fig. 1.2 Left. Ion images of jCO = 40 (A), jCO = 28 (B), and jCO = 15 (C). Right. Solid 

lines are experimental translational energy distributions of the corresponding 

images and dashed lines are determined by quasi-classical trajectories. 

Combs indicate the H2 vibrational state. Adapted with permission from D. 

Townsend et al, Science, 306, 1158–1161 (2004) © AAAS. 
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connecting reactants to products must pass through this dividing surface. A variationally optimized 

dividing surface is referred to as the variational transition state. Though first-order saddle points 

and transition states are fundamentally different geometric objects, the transition state dividing 

surface often contains a first-order saddle point and sometimes these are referred to 

interchangeably. Soon after roaming was first reported, Klippenstein and coworkers identified a 

roaming saddle point (Fig. 1.3A) with an imaginary frequency of 140 cm-1 and two lowest bound 

frequencies of only 20 cm-1 and 80 cm-1.30 Roaming saddle points have been useful in identifying 

Fig. 1.3  The roaming atom transition state, TSR (A). The tight transition state, TST 

leading to molecular products. Potential energy curves resulting from linear 

interpolation. Adapted with permission from L.B. Harding et al, Phys. Chem. 

Chem. Phys., 9, 4055–4070 (2007) © the Owner Societies 2007 and L.B. 

Harding et al, J. Phys. Chem. A, 116, 6967–6982 (2012) © ACS. 
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roaming dynamics in many other systems, but their relevance remains controversial. Because these 

saddle points are in flat, anharmonic regions of the PES, TST assumptions of harmonic frequencies 

and no dynamical recrossing are invalidated, making determination of accurate rate coefficients 

difficult to impossible. Furthermore, roaming product flux may not necessarily come close to the 

configuration of the saddle point. The relation of roaming saddle points to the typical tight saddle 

point30 (Fig. 1.3B) and the effect on the underlying dynamics is also uncertain, though a dividing 

surface connecting these saddle points in formaldehyde have likely pass through a conical 

intersection. (Fig. 1.3C).29 The separability of these two regions suggested that the pathways are 

energetically separable, distinct pathways from a kinetic point of view, but we will visit this 

question in detail in Chapter 6.29  

Fig. 1.4  PHOFEX spectra of different jCO used to approximate the roaming onset. 

Adapted with permission from S.A. Lahankar et al, Chem. Phys., 347, 288–

299 (2008) © Elsevier. 
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Following the initial investigations of formaldehyde, there were questions regarding the 

energy at which the roaming channel opened and the energy dependence of roaming branching. 

Suits and coworkers collected photofragment excitation (PHOFEX) spectra to determine 

approximately the energy of the roaming onset (Fig. 1.4).52 By fixing a probe laser to detect a low 

jCO state, exclusively produced by roaming, and scanning the pump laser from low to high energy, 

the first appearance of a peak indicates that the roaming threshold is at least as low as that pump 

energy. Because formaldehyde is excited at specific, resonant energies corresponding to well-

defined rotational lines, it is possible that the roaming onset would be lower than the first detected 

peak. The roaming onset was determined to be at least 80 cm-1 below the radical threshold.52  

An energy dependence study by Lahankar et al. spanning more than 1200 cm-1 indicated 

an increasing roaming fraction with energy.25 An increased propensity to roam was concluded by 

observing a larger population of vibrationally excited H2 cofragments in a jCO = 28 image and an 

increasing population of jCO = 15 but relatively uniform jCO = 45 population with energy in a 

PHOFEX scan. The CO rotational distribution, however, obtained from the commonly used 

excitation energy of ~30340 cm-1 was assumed to be invariant. Full CO rotational distributions 

over a broader range of energy, ~6000 cm-1, were later collected by Kable and coworkers that 

showed the rotational distribution from the tight TS pathway markedly increased with energy while 

that from the roaming pathway stayed relatively the same.53 The fraction of H2 and CO from 

roaming was determined to be relatively constant at ~20% over the entire energy range (Fig. 1.5). 

However, these measurements were made for a single rotational level on each vibrational band, 

and we will see this is not adequate to capture the full picture. A comparison of experimental 

results from the Lahankar and Kable and papers is included in Fig. 1.5 in addition to results from 

QCT recently performed by Houston and coworkers.54 The results to be presented in Chapter 6, 
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however, show that profound quantum effects are manifested in jCO images and CO rotational 

distributions at the radical dissociation threshold and fade with increasing energy.   

Roaming is now viewed as a universal aspect of chemical reactivity with numerous 

theoretical and experimental investigations revealing the phenomenon in different classes of 

compounds and environments.44 For example, roaming has been identified in aldehydes,24,55,56 

ketones,57 alkanes,28 and nitro compounds26,37-39,58-60  and processes such as hydrocarbon 

combustion,61-65 atmospheric chemistry,66,67 and isomerization.26,59,68,69 Here, the library of 

compounds that roam is expanded to included propargyl chloride,41 and quantum aspects of 

roaming are described for the first time through a new approach to studying formaldehyde 

Fig. 1.5  Roaming channel branching fractions from CO (v = 0) from Lahankar, Sutis, 

and coworkers (red dots), Kable and coworkers (black dots), and a 

quasiclassical trajectory study. Adapted with permission from M.S. Quinn et 

al, J. Chem. Phys., 147, 013935 (2017) © AIP. 
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photodissociation dynamics. Before illustrating these newly discovered dynamics of propargyl 

chloride and formaldehyde, a description of the experimental methods is provided. 

  



14 

 

CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Molecular Beam 

 Essential to these experiments is a population of parent molecules that are confined to a 

small, well-defined number of quantum states. An ensemble of molecules spread over a large range 

of initial states permits more rotational and vibrational lines to be excited, creating congested 

spectra and poorer signal-to-noise (S/N) of the states that are desired to be studied. A medium that 

does not introduce changes to the sample or congest molecular spectra, an issue in matrix isolation 

experiments, for example, is necessary. A low temperature ensemble of molecules in a collision-

free environment is also required to prevent thermal decomposition and intermolecular processes. 

A molecular beam created by a supersonic expansion of pressurized gas into high vacuum is 

utilized to create these experimental conditions.  

 Molecular rotations are cooled to temperatures well below the freezing point of the 

molecule in a supersonic expansion. 70-76 The expansion is isentropic, converting random thermal 

motion into directed mass flow. The translational temperature is defined by the width of the 

velocity distribution, which narrows in the expansion. The overall flow velocity increases while 

the local speed of sound decreases, creating a flow above Mach number 1, or supersonic. Early in 

the expansion when density is still sufficiently high, collisions between molecules cool vibrational 

(to some extent) and rotational degrees of freedom that remain populated. Equilibration between 

translation and rotational degrees of freedom is more efficient than between translation and 

vibrational degrees of freedom, though molecules are mostly in v=0 in a room temperature 

Boltzmann distribution. Molecules are often diluted in a noble gas such as He or Ar because they 

do not store energy in rotational or vibrational degrees of freedom, they give narrow velocity 
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distributions and higher peak intensities, and to reduce cluster formation of the parent molecule of 

interest.  

For an isentropic expansion, the isentropic equation relates temperature and pressure, 

𝑇

𝑇0
=  

𝑃

𝑃0

(𝛾−1)
𝛾⁄
     (2.1) 

where T and T0 are final and initial temperatures, P and P0 are final and initial pressures, and γ is 

the specific heat ratio Cp/Cv. A greater pressure difference between the pressurized reservoir and 

the region the gas will expand into creates a lower molecular beam temperature. 

For the experiments in this dissertation, gas phase molecules of interest were contained in a 

reservoir between 1000 and 1700 Torr at a concentration of ~5% unless specifically stated. The 

reservoir pressurized a valve, in this case a pulsed solenoid General valve made by Parker 

Hannifin. The source chamber the molecular beam expands into is maintained at ~10-6 torr. While 

the valve is pulsing, the source chamber pressure increases by two orders of magnitude. The result 

is a molecular beam with a parent molecule with a rotational temperature that is below 25 K. 

2.2 Photofragment Imaging 

 The famous Stern-Gerlach experiment is likely the first beam imaging ever performed. 

Attempting to illustrate space quantization of orbital angular momentum, a collimated beam of 

silver atoms was passed through a magnetic field, where the beam consequently split and was 

imaged on a glass plate.77,78 Spin was detected, not orbital angular momentum, but it did present a 

new way to study photochemical processes. Photoabsorption experiments of CH3 and CD3 using 

photographic plates are another of the earliest examples of imaging chemical dynamics.79 

Photolysis mapping employed a glass hemisphere with a tellurium film reacted with 
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photofragment radicals and enabled the first detection of previously predicted anisotropic 

photofragment angular distributions.80,81 

Photofragment translational spectroscopy (PTS) subsequently became widespread using 

the universal detection method electron impact ionization. PTS involved detecting the anisotropy 

of angular distributions from bimolecular collisions or unimolecular dissociation by recording 

mass spectra at different angles with a rotatable detector and sometimes rotatable molecular beam 

sources.82-89 PTS and Doppler probe90,91 methods were the methods of choice used in 

photodissociation dynamics studies for decades. Other methods were also developed that paved 

the way for photofragment imaging such as a state-specific imaging with an 80 photomultiplier 

tube (PMT) array using laser-induced fluorescence (LIF),92 and a more commonly used technique 

by Los and coworkers that could map pairs of photofragments in time and position on a 

microchannel plate (MCP).93-98  

Chandler and Houston developed a method to map the dissociation products spatially on a 

MCP coupled to a phosphor screen.99 Methyl iodide was photodissociated, methyl and iodine 

fragments were allowed to separate, traveling at a particular recoil velocity, and the methyl 

fragment was ionized state-specifically with a laser and extracted by a grounded mesh screen after 

the repeller ion lens. The location of the ions was detected on the MCP/phosphor and imaged with 

a polaroid film. Ground state CH3, and excited umbrella mode and CH stretch components were 

discerned, and vibrational level depended branching of I and I* were determined.100 The method 

offered state-specific detection, a leap in collection efficiency, and a simpler setup.  

Eppink and Parker improved the experimental setup by removing extractor grids and 

obstructive ion optics that blurred images and limited velocity resolution.101 The focusing 
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conditions of their ion optics improved velocity resolution by an order magnitude, resulting in the 

first demonstration of velocity map imaging (VMI). Kitsopoulos later introduced time slicing, 

where ion optics are turned on a short time after dissociation and ionization,102 allowing for the 

ion cloud to expand along the time-of-flight (TOF), causing a spread in arrival time. Utilizing 

nanosecond gating of the MCP/phosphor allowed for only the central slice of the 3D velocity 

distribution to be imaged, where previously the entire 3D velocity distribution had been imaged as 

a projection on the 2D detector. The method, unfortunately, sacrificed VMI focusing due to the 

necessity of grids to achieve uniform acceleration of ions and ion density had to be kept low to 

overcome space charge effects. The ability to image only the central slice of the 3D ion cloud and 

its corresponding velocity distribution should not be understated. Unsliced images introduce noise, 

reduce resolution, and require reconstruction methods that require cylindrical symmetry that may 

not be compatible with certain studies such vector correlations. Another generation of VMI, DC 

slice imaging, overcame these shortcomings by reducing the electric field in the initial acceleration 

region and adding an additional ion lens for refocusing.103 The results described here were all 

performed on the original DC slice imaging machine, and the experimental geometry of the 

apparatus and imaging details are described.  

When a molecule is photodissociated, its photoproducts may be subsequently ionized with 

a focused probe laser. Upon photodissociation with unpolarized photons, photoproducts expand 

with recoil velocities in all directions, a 3D expansion known as a Newton sphere. Ionization of 

photoproducts immediately after dissociation between the repeller and extractor allows for a 

sphere of ions to be expanded temporally, while allowing their velocity to be spatially mapped on 

the position sensitive MCP/phosphor detector. Because fragments travel in all directions, an 

accurate TED is obtained by measuring the central slice of the Newton sphere, which only contains 
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photofragments that were initially recoiling parallel to the plane of the detector.  The reduced 

repeller voltage and additional focusing lens of the DC slice configuration allows for a 

significantly expanded TOF and ion cloud size (Fig. 2.1). Using SIMION 7.0, expansion of TOF 

width from 40 to 190 ns was demonstrated for 35Cl with 1 eV translation energy, simply by 

reducing the repeller voltage from 2500 V to 500 V (Figs. 2.1A and 2.1B).  The width of the 

newton sphere itself expands further to fill a larger portion of the detector, resulting in higher 

resolution. The addition of another focusing lens expands the TOF to 400 ns (2.1C). A comparison 

of O(3P2) images from NO2 photodissociation illustrates the advantage of DC slicing (Fig. 2.2). 

Multiple rings that can inform the underlying dissociation dynamics are clear for the sliced image 

(Fig. 2.2A), but are obscured in the unsliced image (Fig. 2.2B), and only become resolved upon 

image reconstruction, which produces a line of noise about the symmetry axis (2.2C).  

 The angular distributions of the rings in images often possess varying degrees of 

anisotropy, as in Fig. 2.2. The images in Fig. 2.2 are anisotropic, due to the use of vertically 

polarized light that is parallel to the plane of the detector. The anisotropy of a component of a 

given velocity distribution is determined by extracting the intensity of a particular radius as a 

function of θ, the angle relative to the polarization vector of the dissociation laser. Laser light in 

all experiments in this dissertation, except IR photons, was vertically polarized, parallel to the 

plane of the detector. For a one photon dissociation, angular distributions are obtained by fitting 

an image at each radius to the well-known expression104,105  

𝐼(𝜃) ∝ 1 +  𝛽(𝑃2(𝑐𝑜𝑠𝜃)) 

where P2 is the second Legendre polynomial, 
1

2
(3𝑐𝑜𝑠2𝜃 − 1). The anisotropy parameter β 

characterizes the photofragment angular distribution, ranging from -1 (‘‘perpendicular’’) to +2 
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(‘‘parallel’’) for the case of linear photolysis polarization. If a photofragment angular distribution 

is isotropic with β ≈ 0 this does not necessarily imply a dissociation that is both parallel and 

perpendicular, but is most likely indicative of a slow dissociation process where molecular 

orientation had time to be scrambled prior to detection.  

2.3 Resonance-Enhanced Multiphoton Ionization 

  Quantum state-specific detection of atoms and molecules is a valuable for detailed 

investigation of photodissociation dynamics, and essential for revealing quantum aspects of 

roaming dynamics. REMPI is a technique that allows for state-specific detection, and when 

polarized laser beams are employed can reveal photofragment angular distributions when coupled 

Fig. 2.1 Simulated SIMION expansion for repeller voltage of 2500 V with three 

electrodes (A), 500 V with a single electrode (B), and 500 V with four 

electrodes. Adapted with permission from D. Townsend et al, Rev. Sci. 

Instrum., 74(4), 2530–2539 (2003) © AIP. 
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with VMI. REMPI was initially used to study electronic spectroscopy of atoms and molecules, 

where photon energies resonant with electronic states lead to an increase in ion intensity due to an 

increase in ionization efficiency when scanning the wavelength of a tunable laser.    

REMPI detection schemes are referred to as (m+n), where m is the number of resonant 

photons to excite an atom or molecule from a ground to an exited state and n is the number required 

to take the energy past the ionization continuum. For example, here CO photofragments 

dissociated from formaldehyde are detected via (2+1) REMPI by a B (1Σ+
g) ← X (1Σ+

g) excitation 

using the Q branch of the transition.106 REMPI detection was also used for Cl,3 Cl*,3 C3H3, 

Fig. 2.2 Images of O(3P2) that are DC sliced (A), unsliced (B), and unsliced and 

reconstructed. Adapted with permission from D. Townsend et al, Rev. Sci. 

Instrum., 74(4), 2530–2539 (2003) © AIP. 
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HCl,107,108 and H atom.3 Table 2.1 summarizes the REMPI schemes used in each chapter. Although 

the velocity of a neutral photofragment following ionization remains largely unchanged because 

nearly all the excess energy in the ionization process is carried by the light electron, the limiting 

factor in velocity resolution is often due to non-negligible blurring of the velocity distribution from 

ionization.109,110 

Species Transition Scheme Photon Energy 

(cm-1) 

Chapters 

Cl 2D°3/2←
2P°3/2 2 + 1 42494.2 3,4 

Cl 2P°3/2←
2P°3/2 1 + 1 47157.1 3 

Cl* 2P°3/2←
2P°1/2 2 + 1 42280.0 3 

Cl* 2P°3/2←
2P°1/2 1 + 1 46715.9 3 

C3H3 3 2B2←1 2B2 1 + 1 ~47170 3 

Cl* 2P°3/2←
2P°1/2 2 + 1 42721.22 4 

HCl F1Δ2←←X1Σ+ 2 + 1 41890.1 4 

H 2s(2S1/2)←1s(2S1/2) 2 + 1 41129.6 5,6 

CO B (1Σ+
g ) ← X (1Σ+

g) 2 + 1 ~43480 5,6 

2.4 Instrument Setup 

The machine used in these experiments is composed of many essential components and 

has previously been described in detail.103 The primary sections of the machine include the source 

chamber, main chamber, TOF tube, and detector, with each containing multiple important parts. 

The source chamber is pumped by a Varian V 300HT turbomolecular pump. The main chamber is 

pumped by an Osaka TG1113MBW-09 magnetically levitated turbomolecular pump. The source 

Table 2.1 REMPI schemes used to ionize photofragments 
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chamber is maintained at 10-6 Torr and contains a General valve with a skimmer cone mounted in 

front it on the aluminum plate separating the source from the main chamber. The skimmer cone 

has 1 mm aperture and samples the central part of supersonic expansion, resulting in a cool, 

collimated beam entering the main chamber, which is maintained at 3×10-8 Torr. While the valve 

is pulsing, the source chamber pressure increases by two orders of magnitude and the main 

chamber increases by an order of magnitude. The main chamber has the four electrode DC slice 

imaging ion optics (Fig. 2.3). 

After the final focusing lens of the ion optics, a series of grounding electrodes were 

included to ensure there is no electric field penetrating into the TOF tube. Mu-metal also lines the 

TOF tube to protect against interfering magnetic fields. At the end of the TOF tube is a detector 

Fig. 2.3 Schematic of the ion lens assembly containing the four electrodes repeller, 

extractor (L1), focusing lens 1 (L2), and focusing lens 2 (L3). Units are in mm. 

Adapted with permission from D. Townsend et al, Rev. Sci. Instrum., 74(4), 

2530–2539 (2003) © AIP.  
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composed of a 75 mm MCP coupled to a P-47 phosphor screen (BOS-75-OPT01, Beam Imaging 

Solutions). The front plate of the MCP was grounded, while the back plate was pulsed to 2.1 kV 

from a bias of 1.2 kV, and the phosphor voltage was 4.3 kV. Images were captured using a USB 

CCD camera (iDS uEye UI-2230SE-M-GL) and in-house data acquisition software NuACQ. The 

experiment was performed at 10Hz with laser, valve, detector, and camera timings maintained by 

a Berkeley Nucleonics Delay Generator (model 577). Image reconstruction and data extraction 

were done using our finite slice analysis method, FinA.111,112 A PMT was also used to monitor and 

record TOF signal on a Keysight InfiniiVision DSOX3024A, 200 MHz, 4 GSa/s oscilloscope. 

These, in conjunction with a LabView program written in house wre used to record PHOFEX and 

REMPI spectra. The pump laser consisted of frequency doubled light from a dye laser (Sirah 

Cobra-Stretch, model CBST-LG-24) pumped by an Nd:YAG (Continuum Precision II, model 

PR9020). The probe laser consisted of frequency tripled light from a dye laser (Sirah Cobra-

Stretch, model CBST-LG-24) pumped by an Nd:YAG (Spectra-Physics Quanta-Ray, model LAB-

190-10H). The geometry of the experiment, Fig. 2.4, is that of a typical pump-probe photofragment 

imaging approach. The experimental configuration was exactly the same as in Fig. 2.4, except a 

dye laser and frequency doubling stage were added in front of the Nd:YAG to achieve the 

necessary pump photon energy.  

Velocity distributions of imaged photoproduct ions are obtained using a ms-1/pixel 

calibration factor to convert camera pixels to velocity. A molecule with well-known ground and 

excited states, dissociation energy (D0), and well-defined quantum states of photofragments is used 

to obtain the calibration factor. Here, the experimental setup was calibrated using OCS + hν → 

CO(v,j) + S(1D), with detection at v = 0,  jCO = 47 via (2+1) REMPI by a Q(B←X) excitation.106 

Internal energy of OCS following excitation and D0 are well-defined113,114 and the calibration 
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experiment is ‘‘one-color’’, with the same laser used as dissociation and probe. If laser and ion 

focusing conditions are optimized, the velocity components of different sulfur isotopes can be 

resolved in CO images. 

 

  

Fig. 2.4 Schematic of the experimental setup with a cut-through of the ion optics 

assembly. Adapted with permission from D. Townsend et al, Rev. Sci. 

Instrum., 74(4), 2530–2539 (2003) © AIP. 
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CHAPTER 3 

MIXED TRANSITIONS IN THE UV PHOTODISSOCIATION 

OF PROPARGYL CHLORIDE 

3.1 Introduction 

 Photodissociation dynamics of alkyl halides continue to garner interest after decades of 

research.115-121 Extensive experimental evidence of the photodissociation of methyl halides has 

revealed that dissociation via the first allowed electronic transition occurs directly from the nσ* 

state.122-125 Though the primary dissociation process in methyl halides is C–X bond fission, HX 

elimination has been suggested as a channel for CH3I
126 and was later reported in the 

photodissociation of CH3Cl following excitation via the second absorption band.127 Larger alkyl 

halides have more complex dissociation dynamics116,128-130 and for π-bonded systems, there is an 

alternative set of possibilities due to the presence of multiple chromophores and excited 

states.131,132 Decreasing the degree of saturation, as in vinyl chloride, nearly removes the 

contribution from nσ* and πσ* to the predominantly ππ* excited state prior to C–Cl bond breaking 

from the excited state.133 Allyl chloride also has multiple dissociation pathways with at least two 

HCl elimination channels and two mechanisms of liberating Cl.134 All referral to Cl here indicates 

the Cl35 isotope. For triple-bonded molecules such as propargyl chloride with two π systems, one 

coplanar with the carbon–halogen backbone, one perpendicular to it, interesting effects on the 

electronic structure and dissociation dynamics can be expected. 

 The first strong absorption in propargyl chloride has a maximum at 185 nm, so this 

transition is readily accessed at 193 nm where it has been studied in some detail. Both Cl and HCl 

products have been detected.135-137 In 1984 Kawasaki and coworkers used PTS to study the 

photodissociation of a range of halogenated hydrocarbons, including propargyl chloride.135 In that 
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system they found m/z = 35 (Cl+) sharply peaked at high translational energies, while m/z = 36 

showed both low and high translational energy peaks. The high translational energy peak was 

attributed to momentum-matched C3H3
+ while the low energy portion was attributed to the HCl 

product. Overall, the fast fragments were attributed to fragmentation directly from a repulsive nσ* 

state, while the slow HCl was considered the result of intersystem crossing to a triplet state from 

the initially prepared ππ* state. No product branching was reported because it was not possible to 

isolate the HCl+ from the C3
+ arising from C3H3 cracking upon electron impact ionization. 

 In 1996, Butler and coworkers used emission spectroscopy and configuration interaction-

singles ab initio calculations to investigate the contributions of various electronic configurations 

to the nominal ππ* excited state in unsaturated hydrocarbon chlorides.133 Vinyl chloride and cis-

allyl chloride showed emission features analogous to ethylene, dominated by C=C stretch 

suggesting the clear ππ* nature of the excitation. In propargyl chloride, both the C–Cl stretch and 

C=C stretch were prominent in the emission spectra, indicating that the molecule must initially be 

in an excited state with a high degree of σ* character. Ab initio calculations clearly supported these 

results, with vinyl chloride and cis-allyl chloride showing fairly simple π* excited state character, 

while for propargyl chloride the transition was best described as excitation from the in-plane π 

orbital to a mixture of π* and σ*, with the latter dominant. 

 Soon after, Lee and Lin performed a PTS study at 193 nm in which they observed a slow 

component in the m/z = 35 product, which they assigned exclusively to fragmentation of HCl on 

ionization, leading to inferred Cl:HCl branching of 1:0.19.136 Harper et al. later found that the 

Cl+/HCl+ fraction produced from electron impact ionization is 0.3, considerably lower than the 

0.72 value estimated by Lee and Lin.138 Furthermore, in 2003 Neumark and coworkers detected 

slow C3H3 fragments from propargyl chloride in photofragment translational spectroscopy 
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experiments139 using tunable vacuum ultraviolet (VUV) photoionization. Butler later observed the 

same,137 likely due to improved S/N. Butler, Pratt, and coworkers sought to resolve the HCl 

elimination and Cl product channel branching using velocity map imaging and REMPI.137 Using 

state-specific detection, they were also able to determine the relative contributions of ground state 

Cl (2P3/2) and spin–orbit excited Cl* (2P1/2) product channels. Approximately 95% of the Cl 

products were at high translational energy, in equal fractions of Cl and Cl*. Fragments at relatively 

low translational energy were only seen in the ground spin–orbit state, similar to what was 

previously observed in Cl photofragments of allyl chloride.115 

 Butler and coworkers also employed imaging with VUV (9.67 eV) photoionization of the 

C3H3 product, and found a good match between the Cl and C3H3 data with a slow component (5% 

in each).137 A clear assignment of the slow Cl channel was not possible, but two explanations were 

considered: either dissociation from a lower-lying electronic state of propargyl chloride, or 

formation of electronically excited propargyl radicals. HCl elimination was also detected using 

electron impact ionization and estimated to be between 10% and 30% branching for propargyl 

chloride dissociation at 193 nm. None of the several C3H2 isomers first produced as a cofragment 

of HCl were identified. 

 In a related study around the same time, Fan and Pratt examined propargyl bromide 

dissociation at 193 nm with imaging detection of Br and Br* and tunable VUV ionization of 

C3H3.
140 All distributions were bimodal, with a strong peak around 10 kcal *mol-1 and a weak peak 

around 35 kcal *mol-1. The C3H3 data could be matched well assuming a 0.3Br + 0.7Br* branching. 

Tunable VUV from 8.97 to 9.86 eV was used to detect C3H3 both from C3H3Br and C3H3Cl, but 

no clear variation was seen in the spectra. A later investigation of C–Br bond fission dynamics 

with dissociation at 234 nm observed high and low kinetic energy components corresponding to 
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two dissociation channels.141 The high kinetic energy channel was explained as direct dissociation 

from a singlet nσ* state while the low kinetic energy channel was attributed to internal conversion 

to a lower lying triplet state. A highly mixed excited state character based on Br angular 

distributions was also reported. 

 Propargyl chloride photodissociation studies have so far primarily sought to determine the 

branching in dissociation channels that originate from the strong absorption near 193 nm. Here, 

we present an imaging investigation of propargyl chloride dissociation at longer wavelengths, with 

state-specific detection using REMPI probe of Cl and Cl* and 1 + 1 ionization of C3H3. The 

experimental data is interpreted with the aid of multireference calculations to characterize the 

nature of the electronic excitations. 

3.2 Experimental Methods  

A molecular beam containing 7% C3H3Cl was generated by passing helium through 

C3H3Cl in a bubbler at 0 °C. UV radiation at wavelengths near 212 and 236 nm was focused onto 

the molecular beam with a 30 cm focal length fused silica lens. These wavelengths were chosen 

for specific Cl and Cl* REMPI transitions: For Cl and Cl* the experiments are all one-color. For 

Cl detection the transitions were  2D°3/2←
2P°3/2 (84988.48 cm-1) and 2P°3/2←

2P°3/2  (94314.21 cm-

1), while for Cl*, the transitions were 2P°3/2←
2P°1/2 (84560.08 cm-1) and 2P°3/2←

2P°1/2 (93431.85 

cm-1).142,143 In each case, the wavelength was scanned repeatedly across the Doppler profile while 

recording the images. For C3H3 detection, the light was detuned slightly from the Cl or Cl* 

transition. All UV light was polarized vertically, parallel to the plane of the detector. Image 

reconstruction and data extraction, including anisotropy parameters such as β, were done using 

FinA.111,112 This analysis has been shown to yield accurate angular distributions, giving β values 
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within 0.02 typically. Uncertainties in the energy-dependent β values are dominated by statistics 

as may be inferred from the noise in the plots.  

Theoretical calculations were performed in which the global minima on both singlet and 

triplet ground state potential energy surfaces of C3H3Cl were optimized at the CCSD(T) level with 

the cc-pVTZ basis for H and C144 and augcc-pVTZ for Cl145,146 (designated as aug(Cl)-cc-pVTZ), 

followed by frequency calculations in the harmonic approximation. The singlet–triplet separation 

was thus determined including correction for zero-point energy (ZPE). Single-point calculations 

at the CCSD(T) optimized geometry of the singlet ground state 1A’ , which belongs to the Cs group, 

were performed with various multireference methods to assess the energy levels in the Franck–

Condon (FC) region. Complete active space self-consistent field (CASSCF)147,148 calculations 

were used with the wave function state-averaged over 12 states (3 x 𝐴′1 , 3 x 𝐴′′1 , 3 x 𝐴′3 , 3 x 

𝐴′′3 , ‘‘SA12-CASSCF’’). Several active spaces were tested, i.e. 14 electrons in 13 orbitals (8𝑎’ 

and 5𝑎’’), 14 electrons in 11 orbitals (7𝑎’ and 4𝑎’’), 10 electrons in 11 orbitals (7𝑎’ and 4𝑎’’), and 

10 electrons in 9 orbitals (6𝑎’ and 3𝑎’’). For both 14/11 and 10/9 active spaces, the CASSCF wave 

functions were used to perform XMS-CASPT2 calculations (multi-state complete active space, 

second order perturbation theory) in order to treat dynamical electronic correlation (imaginary 

level shift of 0.4 a.u.),149 while the CASSCF(10/9) wave function was also used for MRCI-F12 

calculations, which provides here the most accurate evaluation of the energy levels after 

Davidson’s correction.150 Additionally, two types of CASSCF scans were performed. First, 

CASSCF(10/9) single point calculations along the q14 vibrational mode, an antisymmetric CCC 

bend located at 301 cm-1 at the CCSD(T) level (and likely to be significantly populated), were 

carried out in order to evaluate which states might exhibit vibronic couplings due to the occurrence 

of double-wells along this coordinate, as pointed out by Eisfeld in the case of propargyl radical.151 
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The wave function was state-averaged over the 6 first singlet states. Second, CASSCF(10/11) 

single point calculations were performed along the C–Cl coordinate, with geometry relaxed on the 

singlet ground state at the MP2 level of theory.152 In this case the wave function was state averaged 

over the six singlets and six triplets states mentioned above, which merge in two mixed asymptotes 

as R → ∞, i.e. C3H3 + Cl and C3H3* + Cl. For both CASSCF scans, the cc-pVTZ basis set was 

used for H, C, and Cl. All calculations were performed with MOLPRO.153 The calculations are 

summarized in Table 3.1, and structures of 𝐴′′1  and 𝐴3  minima are shown in Fig. 3.1. Energy, 

ZPE, Cartesian coordinates and vibrational frequencies of the 𝐴′′1 , 𝐴3 , and 𝐴′′3  minima can be 

found in Appendix A. 

  

Fig. 3.1 Structures of the 1A’ and 3A minima optimized at the CCSD(T) level, along 

with singlet–triplet separation energy, ΔE, including ZPE correction. 
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3.3 Results and Discussion 

We first present imaging results for UV dissociation of propargyl chloride near 236 nm. 

Fig. 3.2 shows DC slice images obtained for detection of ground state Cl atom at 235.3 nm and for 

spin–orbit excited Cl* at 236.5 nm. The Cl image in Fig. 3.2A exhibits two components: a broad 

inner ring and a sharp outer ring. Both regions show recoil preferentially oriented along the laser 

polarization direction. The Cl* image in Fig. 3.2B shows a single ring, which is wider on the sides 

than on the poles. This unusual feature arises from an inner perpendicular distribution overlapping 

with an outer nearly isotropic distribution. Fig. 3.3A and B give the total translational energy 

distributions P(ET) obtained from the images in Fig. 3.2A and B, respectively. Superimposed on 

Fig. 3.2 DC slice images of Cl (A) and Cl* (B) from photodissociation of propargyl 

chloride near 236 nm. Laser polarization axis is vertical. 
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the TEDs in Fig. 3.3A and B are the associated angular distributions given as a function of 

translational energy. 

We first examine the Cl* distributions, as they allow to understand the Cl distributions 

more clearly. The inner, perpendicular component of the Cl* TEDs appears as a shoulder with a 

maximum around 20 kcal mol-1, with the primary peak reaching a maximum around 26 kcal mol-

1. The corresponding β values reach a minimum of -0.5 near the peak of the inner shoulder, but 

then rise to slightly positive values. The ground state Cl TEDs appears bimodal as we have noted 

above. The angular distributions of Cl and Cl* show clear similarities for the outer peak. Ignoring 

Fig. 3.3 Translational energy distributions (black) and anisotropy parameter β (blue) of 

Cl (A) and Cl* (B) from photodissociation of propargyl chloride near 236 nm. 
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for the moment the distinct low energy peak around 10 kcal mol-1, the main peak shows the same 

trend as Cl*, with a minimum in β around 20 kcal mol-1 that rises sharply to a substantially more 

parallel value, although for the Cl case all β values are positive. This suggests that the main peak 

is also composite, consisting of overlapping components peaking around 20 and 26 kcal kcal mol-

1 just as for Cl*. The additional lower energy peak is even more strongly parallel, with β values 

approaching +0.8.  

Fig. 3.4 shows DC slice images for photodissociation near 212 nm. Fig. 3.4A is the sliced 

image for Cl, Fig. 3.4B is Cl* and Fig. 3.4C is an image obtained at m/z = 39, C3H3. We did not 

detect m/z = 39 in the vicinity of the 236 nm excitation. The ground state Cl image shows a fast, 

sharp ring that appears somewhat perpendicular, along with a weaker slow isotropic feature barely 

visible inside the fast, sharp ring. The Cl* Image shows a bimodal distribution with features that 

appear to be largely isotropic. The C3H3 image shows two main components that are somewhat 

parallel: A fast outer ring that matches with the Cl and Cl* images and a sharp inner ring that does 

not appear in the Cl atom images. The secondary inner ring that appears in the Cl* image does not 

appear clearly in the C3H3 images. The translational energy and energy-dependent angular 

distributions derived from the images in Fig. 3.4 are shown in Fig. 3.5. The Cl distribution shows 

the main fast peak around 32 kcal mol-1, tapering to lower energy suggesting some evidence of a 

second component as in the Cl* image. That inner component shows a β near zero, but the main 

peak is consistently perpendicular (β = -0.3). The Cl* distribution has an analogous fast feature, 

along with a distinct component associated with the inner ring. The angular distribution overall is 

largely isotropic but varies from β = -0.2 to 0.2 across the two components. The C3H3 TEDs can 

be seen to be a combination of a component momentum-matched to the Cl and Cl* and a distinct 
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feature peaking around 10 kcal mol-1 mentioned above. The energy dependent β values range from 

near 0 to around 0.4. 

Fig. 3.4 DC slice images of Cl (A) Cl* (B) and C3H3 (C) from photodissociation of 

propargyl chloride near 212 nm. Laser polarization axis is vertical. 
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Fig. 3.5 Translational energy distributions (black) and anisotropy parameter β (blue) 

of Cl (A) Cl* (B) and C3H3 (C) from photodissociation of propargyl 

chloride near 212 nm. 
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Theoretical calculations of the propargyl radical absorption spectrum by Eisfeld indicate a 

strong 2 𝐵1
2  ← 1 𝐵1

2  electronic absorption beginning around 335 nm, and a much weaker one, 

identified as 3 𝐵1
2  ← 1 𝐵1

2 , extending from 240 nm to 185 nm, with a vertical maximum near 

206 nm.151 We believe the fast outer ring in the C3H3 image in Fig. 3C results from 1 + 1 REMPI 

via this 3 𝐵1
2  ← 1 𝐵1

2  transition. The relatively intense inner feature in the C3H3 that does not 

match the Cl data must have a different origin entirely. As discussed below, we can readily assign 

this feature to 2-photon dissociative ionization of propargyl chloride yielding the aromatic c-C3H3
+ 

ion with Cl, while the sharp cut-off on the low-energy side likely reflects secondary decomposition 

of the hot c-C3H3
+ ion. 

The absorption spectrum recorded by Fahr et al. for propargyl chloride (Fig. 3.6) is 

reproduced to guide the following discussion.6,154 Marked on the figure are the two wavelength 

regions examined here in addition to the well-studied 193 nm excimer line. For propargyl chloride, 

the first strong absorption appears at 185 nm, while for propargyl bromide this excitation is shifted 

to slightly longer wavelength.6,154 In addition, for propargyl bromide there is a weak broad 

maximum around 230 nm that is up to two orders of magnitude weaker in the propargyl chloride 

spectrum, strongly suggesting a triplet excitation present in this vicinity. The results of our 

multireference calculations at the MRCI-F12/aug(Cl)-cc-pVTZ level, also shown in Fig. 3.6, 

confirm the presence of a series of low-lying triplet states, the first of which, 1 𝐴′3  (T1) has a 

vertical excitation energy of 5.39 eV, which is very near the photon energy at 236 nm. Following 

T1 are a pair of states, 1 𝐴′′3  and 2 𝐴′3  (T2 and T3) very close at 6.15 and 6.41 eV, respectively. 

There are additional triplets at higher energy, but for our purpose the next transition of importance 

is likely the first singlet excited state 1 𝐴′′1  (S1) at 6.71 eV. We note the vertical transitions to the 

lower singlet states appear at higher energy than the associated features in the spectrum. This is 
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ascribed to vibronic coupling, likely involving the antisymmetric CCC bending mode (v14) along 

which S1, S2, S3, and S4 are found to exhibit double-wells (see Fig. 3.7). 

In the following, we refer to the potential energy cuts given in Fig. 3.8. We first consider 

the inner component of the ground state Cl product at 236 nm, which peaks at 11 kcal mol-1 total 

Fig. 3.6 Absorption spectrum of propargyl chloride (left, blue) at 295 K (adapted from 

Fahr et al.) and excitation energies of the singlet and triplet states located below 

8 eV (3 x 𝐴′
⬚
1 (black), 3 x 𝐴′′

⬚
1 (blue), 3 x 𝐴′

⬚
3 (red), 3 x 𝐴′′

⬚
3 (purple),) 

calculated at the MRCI-F12/aug(Cl)-cc-pVTZ level. Laser excitation 

wavelengths are shown with black arrows and a tentative assignment of the 

features observed in the experimental spectrum with dashed lines. Note that 

strong vibronic couplings are expected for excitations to the S1, S2, S3, and S4 

states due in part to the presence of double-wells along the low-frequency CCC 

bending coordinate (see Fig. 3.7). 
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translational energy and shows considerable anisotropy. There is no related contribution in the Cl* 

distribution, and as we move to shorter wavelength, this component disappears entirely. We assign 

this contribution to excitation to the T1 state, which results in ground state products and does not 

cross another potential surface along the reaction coordinate. We then find the two nearly 

overlapping peaks that appear both in Cl and Cl* images and TEDs. In this case, for Cl* the inner 

peak is strongly perpendicular, while the outer peak is predominantly parallel. In fact, the same 

trend is seen for the Cl data, but shifted to higher β values. This suggests excitations that branch 

Fig. 3.7 Potential energies of the ground state S0 and the five first singlet excited states 

calculated at the SA6-CASSCF(10/9)/cc-pVTZ level along the q14 normal 

mode. 
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to both products, with the perpendicular component branching more to Cl*. We can thus clearly 

associate the perpendicular contribution with the 1 𝐴′′3  state, T2, and the outer, parallel component 

with the 2 𝐴′3  state, T3. According to the calculations, these are separated by only 0.26 eV in the 

FC region. A crossing of these surfaces is seen in Fig. 3.8, with the lower1 𝐴′′3  likely preferentially 

following a nonadiabatic path to the Cl* asymptote.  

Fig. 3.8 Potential energy cuts along the RC–Cl coordinate leading to the C3H3 + Cl 

and C3H3* + Cl asymptotes. The level of theory is SA12- CASSCF(10/11)/cc-

pVTZ and the geometry is relaxed on the ground state by optimization at the 

MP2/cc-pVTZ level. The color code for state symmetry and multiplicity is the 

same as in Fig. 5. The molecular structure corresponds to a minimum on the 

2 𝐴′′
⬚
3

state, which correlates to the C3H3* + Cl asymptote and could play a 

role as an intermediate before the dissociation occurs towards the ground state. 
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Around 212 nm, the striking aspect of the data is that the angular distributions are now 

nearly isotropic except for the main peak for the Cl case. Moreover, for the Cl*, two well-separated 

components appear, peaking at 20 and 32 kcal mol-1. We assign these to predissociation, likely by 

the same triplet states, following excitation to the bound S1 state. Considering the C3H3
+ data, the 

outer region agrees well with the Cl/Cl* data, and we ascribe this signal to ionization of the 

propargyl radical photoproduct by 1 + 1 ionization through 3 𝐵2
2  ← 1 𝐵2

2  transition, which 

Eisfeld finds has a maximum around 220 nm.151 It is not clear, however, whether there is important 

vibrational selectivity in this REMPI process. The good agreement between the Cl/Cl* and C3H3
+ 

signals on the shape of the outer peak suggests there is no strong selectivity over the levels 

produced there. The bimodal distribution observed in the Cl* data is much weaker in the Cl 

distribution and although not readily apparent in the image, it shows up in the integrated 

distribution. The anisotropy seen in the Cl image is not present in the Cl* nor in the C3H3
+, 

suggesting this is the result of angular momentum alignment that modulates the sensitivity in these 

one-color experiments. Indeed, in separate two-color experiments to be reported elsewhere we find 

evidence for alignment in the Cl atom following dissociation in the deep UV, but not at 230 nm or 

longer. The puzzling aspect of reconciling the Cl/Cl* data and the C3H3 result is that the latter 

angular distributions appear overall somewhat parallel and do not match any combination of the 

Cl and Cl* distributions. Given our lack of a detailed understanding of the C3H3 ionization process 

and the noise in the data, we place less confidence in the C3H3 angular distributions.  

The intense peak at 10 kcal mol-1 in the C3H3
+ has no corresponding contribution in the Cl 

signals, therefore it does not arise from ionization of a C3H3 photoproduct. Instead, it results from 

2-photon dissociative ionization of propargyl chloride via the S1 state. The total two-photon energy 

here is 11.58 eV. The appearance energy of C3H3
+ from propargyl chloride has been reported as 
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11.02 eV, and the product ion in this case has been identified as the cyclopropenium cation.155 

Given the 0 K heats of formation of c-C3H3
+ (256.9 kcal mol-1), Cl (28.6 kcal mol-1) and C3H3Cl 

(44.6 kcal mol-1),1,2,156 we find the available energy for this channel to be 1.18 eV or 27 kcal mol-

1. The barrier for Cl elimination to form c-C3H3
+ is indicated by the onset of the peak at 8 kcal mol-

1, in good agreement with the earlier estimate of 0.32 eV.155 An interesting aspect of the 2 𝐴′′3 , T4 

state is the potential well correlated with the C3H3* + Cl asymptote. The molecular structure of 

this minimum is displayed in Fig. 6 and we note this as a possible long-lived intermediate before 

dissociation occurs towards the ground state products. 

These results may be contrasted with the 193 nm dissociation studied by Butler and 

others.137 In that case, both Cl and Cl* appeared as a strong peak at 40 kcal mol-1 that was slightly 

parallel, while a much weaker contribution at 8 kcal mol-1 was seen in the Cl only. Based on the 

theoretical calculations presented here, we can ascribe the primary peak to the allowed S2 

absorption consistent with the earlier assignments. The minor peak seen at 8 kcal mol-1 that appears 

in Cl (and propargyl) likely arises from a distinct transition and gives rise to propargyl radical in 

the 𝐵2
2  first excited state. An analogous feature is seen much more strongly in propargyl bromide 

dissociation suggesting perhaps that it arises from one of the triplet excitations in this region. 

The repulsive dissociation dynamics observed suggest a simple model of internal energy 

partitioning, and we follow here the treatment of Fan and Pratt for propargyl bromide.140 For an 

initially rotation-less parent molecule, the final rotational excitation of the propargyl radical must 

be equal in magnitude to the exit orbital angular momentum. If we assume impulsive energy 

release along the C–Cl bond, and direct recoil between the two fragments from this geometry, then 

in a classical picture we can relate the final rotational energy to the recoil energy as 
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𝐸𝑟𝑜𝑡 =  
𝜇𝑅−𝐶𝑙𝑏2

𝐼
𝐸𝑇    (3.1) 

where m is the reduced mass of the propargyl-Cl system, b the exit impact parameter, and I the 

moment of inertia of the propargyl radical about the C axis. Using 140 pm for b based on the 

calculated propargyl chloride geometry, and the propargyl radical moment of inertia 8.83x10-46 

kg*m2, we find Erot = 0.68ET. This allows us to estimate the rotational excitation accompanying 

each peak, and we can attribute the balance of the available energy to vibration. The results for 

each identified Cl and Cl* peak are given in Table 3.2. The fraction of available energy appearing 

in vibration ranges from 13% for the fast peak to 64% for the slow peak for Cl at 236 nm, 

corresponding to 7 to 34 kcal mol-1, respectively. Similar values are obtained for Cl*. We can 

obtain one estimate of the possible vibrational excitation in the propargyl radical simply by 

calculating the relaxation energy from the geometry of the parent molecule, which we find to be 

11.7 kcal mol-1. Values in Table 3.2 that are much higher than this suggest impulsive vibrational 

excitation for the direct dissociation processes, with energy randomization also possibly 

contributing for the predissociation near 212 nm. 

3.3 Conclusion 

DC slice imaging experiments have uncovered complex dissociation dynamics of propargyl 

chloride at 212 and 236 nm involving both triplet and singlet excitations. High-level theoretical 

calculations were used to characterize the electronic states necessary to interpret the TEDs of Cl 

and Cl* images and their associated anisotropy. Photoexcitation to the T1 state at 236 nm results 

in dissociation to ground state Cl and C3H3 exclusively. Photoexcitation at 236 nm also accesses 

T2 and T3, whose overlapping excitations branch to both Cl and Cl*. The perpendicular component 

of the excitation is associated with the 1 𝐴′′3  state, T2, and preferably branches to Cl*, while the 
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parallel component is associated with the 2 𝐴′3  state, T3. Photoexcitation at 212 nm initially 

accesses the bound S1 state followed by predissociation by triplet states. The repulsive dissociation 

dynamics likely cause impulsive vibrational excitation from direct dissociation and energy 

randomization in predissociation processes. Multireference ab initio calculations are essential to 

decipher the complex dynamics involving this high density of singlet and triplet excited electronic 

states. 

  



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2
1

2
.1

 

2
1

2
.1

 

2
3

5
.3

 

2
3

5
.3

 

2
3

5
.3

 

λ
 (n

m
) 

C
l 

1
3

6
.8

 

1
3

6
.8

 

1
2

3
.2

 

1
2

3
.2

 

1
2

3
.2

 

E
to

t 

 

6
8

.2
 

6
8

.2
 

5
4

.6
 

5
4

.6
 

5
4

.6
 

E
av

l  

 

1
9

 

3
1

 

1
1

 

1
9

 

2
7

 

E
T  

 

4
9

.2
 

3
7

.2
 

4
3

.6
 

3
5

.6
 

2
7

.6
 

E
in

t  

 

1
2

.9
 

2
1

.1
 

7
.5

 

1
2

.9
 

1
8

.4
 

E
ro

t  

 

3
6
.2

 

1
6
.1

 

3
6
.2

 

2
2
.7

 

9
.3

 

E
v

ib  

 

0
.5

3
 

0
.2

4
 

0
.6

6
 

0
.4

2
 

0
.1

7
 

f
v

ib  

 

0
.2

8
 

0
.4

5
 

0
.2

0
 

0
.3

5
 

0
.4

9
 

f
T

 

 

2
1
4
.1

 

2
1
4
.1

 

 

2
3
6
.5

 

2
3
6
.5

 

λ
 (n

m
) 

C
l*

 

1
3
5
.5

 

1
3
5
.5

 

 

1
2
2
.6

 

1
2
2
.6

 

E
to

t  

 

6
3
.9

 

6
4
.3

 

 

5
1
.5

 

5
1
.5

 

E
av

l  

 

2
0

 

3
1

 

 

1
9

 

2
7

 

E
T  

 

4
4
.3

 

3
3
.3

 

 

3
2
.5

 

2
4
.5

 

E
in

t  

 

1
3

.6
 

2
1

.1
 

 

1
2

.9
 

1
8

.4
 

E
ro

t  

 

3
0

.7
 

1
2

.2
 

 

1
9

.5
 

6
.1

 

E
v
ib  

 

0
.4

8
 

0
.1

9
 

 

0
.3

8
 

0
.1

2
 

f
v
ib  

 

0
.3

1
 

0
.4

8
 

 

0
.3

7
 

0
.5

2
 

f
T   

T
a

b
le

 3
.2

:  
E

n
erg

y
 p

artitio
n

in
g

 o
f th

e C
l/C

l*
 p

h
o
to

frag
m

en
ts at in

d
icated

 n
o
m

in
al w

av
elen

g
th

. P
recise ex

citatio
n

 en
erg

ies are g
iv

en
 

in
 m

eth
o
d
s. T

h
e 0

 K
 d

isso
ciatio

n
 en

erg
y

, 6
8

.6
 k

cal m
o
l -1, is o

b
tain

ed
 fro

m
 ref. 4

6
. E

to
t  an

d
 E

a
v
l  stan

d
 fo

r ex
citatio

n
 en

erg
y
 

an
d

 av
ailab

le en
erg

y
 after d

isso
ciatio

n
 o

n
 th

e g
ro

u
n
d
 state, resp

ectiv
ely

, E
T  fo

r th
e tran

slatio
n
al en

erg
y
 o

f each
 C

l/C
l*

 

p
eak

, E
in

t , E
ro

t , an
d
 E

v
ib  fo

r th
e in

tern
al, ro

tatio
n
al, an

d
 v

ib
ratio

n
al en

erg
ies o

f C
3 H

3  acco
rd

in
g
 to

 th
e im

p
u
lsiv

e m
o

d
el (see 

tex
t fo

r d
etails). fv

ib
 an

d
 f

T  are th
e fractio

n
s o

f av
ailab

le en
erg

y
 ap

p
earin

g
 in

 C
3 H

3  v
ib

ratio
n

al an
d

 to
tal tran

slatio
n
al 

en
erg

ies, resp
ectiv

ely
. E

n
erg

ies are ex
p
ressed

 in
 k

cal m
o
l
-1. 



46 

 

CHAPTER 4 

INFRARED MULTIPHOTON EXCIATION AND 

DISSOCIATION OF PROPARGYL CHLORIDE 

4.1 Introduction 

 High-power line-tunable transverse excitation atmospheric (TEA)-CO2 lasers stimulated 

the emergence of IRMPD studies in the 1970s and 1980s.157-166 This permitted the investigation of 

ground state unimolecular decomposition of molecules under collisionless conditions in molecular 

beams.37,55,167-170 Although applied with considerable success to reveal the global features of these 

processes, the methods were in wide use prior to the development of state-selected velocity map 

imaging techniques.99,101,103 The latter method is capable of extremely high velocity resolution and 

at the same time quantum state-specific product detection, affording deep insight into 

photochemical processes in favorable cases.171-175 

 Our interest in combining IRMPD with imaging is inspired in part by a desire to explore 

roaming radical reactions in detail. Although NO3 dissociation clearly showed the importance of 

roaming in the excited electronic state,37,38 in general roaming reactions are more easily seen and 

characterized on the ground electronic state. IRMPD combined with velocity map imaging thus 

offers a means to explore this novel aspect of reaction dynamics in detail. Recently, we began 

adapting IRMPD for high resolution DC slice imaging applications.37,176-178 In IRMPD of vinyl 

chloride, for example, state-resolved HCl detection showed both modest rotational excitation and 

very low translational energy release, consistent with 3-center HCl elimination producing cold 

vinylidene as a coproduct.178 Propargyl chloride experiments have primarily sought to determine 

the branching of dissociation channels that originate from the strong excitation near 193 nm.135-137 

Butler and coworkers summarized photodissociation of propargyl chloride and other halogenated 
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hydrocarbons in their imaging study in 2006.137 C–Cl bond fission products were found to branch 

to Cl and Cl* equally and slow translational energy peaks were determined not to be the result of 

HCl fragmentation as previously thought. The previous chapter presented an imaging investigation 

at longer UV wavelengths that used multireference calculations to characterize the electronic 

excitations of propargyl chloride from 5.0 to 8.0 eV.40 A high density of singlet and triplet excited 

electronic states were identified and complex, repulsive dissociation dynamics were observed with 

both direct and predissociation processes. At 236 nm three distinct triplet excited states were 

accessed giving distinct features in the images. A slow component producing exclusively ground 

state products with a parallel angular distribution was assigned to T1. Evidence for T2 and T3 

excitations were also seen in a fast peak comprising distinct perpendicular and parallel 

components, respectively. Furthermore, T2 and T3 preferentially branched to spin–orbit excited 

and ground state Cl, respectively. Evidence was also seen for predissociation of a bound S1 state 

accessed when propargyl chloride was excited at 212 nm. Here, we combine IRMPE of propargyl 

chloride with state-specific detection using REMPI with DC slice imaging to examine the 

dynamics of dissociation both on the ground state near threshold and in vibrationally mediated 

photodissociation through these electronically excited states. The experimental data is interpreted 

using theoretical calculations to determine minima and transition states en route to products and 

aid in identifying the C3H2 product isomer formed. We also performed complementary chirped-

pulse mm-wave spectroscopy experiments in a quasi-uniform flow (CPUF) which support the 

computational identification of the C3H2 product isomer as the linear propadienylidene species. 

4.2 Experimental Methods  

A molecular beam containing 7% C3H3Cl was generated by passing helium through 

C3H3Cl in a bubbler at 0 °C. Infrared (IR) radiation from a grating-tuned TEA-CO2 laser at 10.44 
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µm was used to excite C3H3Cl by strong absorption via the C–C stretch.7,179 A 35 cm focal length 

ZnSe lens was used to focus the measured ~650 mJ per pulse (fluence 7.2 J cm2) onto the molecular 

beam slightly upstream of the UV laser. The IR beam was fired ~800 ns before the UV beam. UV 

radiation around 241 nm and 0.8 mJ per pulse was focused onto the molecular beam slightly 

downstream from the IR laser beam with a UV fused silica lens and used to ionize the HCl product 

by (2+1) REMPI via the R and S branches of the F1Δ2←←X1Σ+ transition.107 Unlike other 

transitions in this region, this REMPI transition exclusively produces HCl+ and minimal 

fragmentation. For the Cl detection experiments, UV radiation near 235 nm was focused onto the 

molecular beam with a 30 cm focal length fused silica lens. These wavelengths were chosen for 

specific Cl(2P3/2) and Cl*(2P1/2) REMPI transitions. For Cl detection the transition was 

2D°3/2←
2P°3/2 (84988.48 cm-1), while for Cl* the transition was 2P°3/2←

2P°1/2 (85442.43 cm-

1).142,143 In each case, the wavelength was scanned repeatedly across the Doppler profile while 

recording the images. All UV light was polarized vertically, parallel to the plane of the detector. 

Image reconstruction and data extraction were performed using FinA111,112 in the same manner as 

the UV photodissociation of propargyl chloride.  

CPUF spectroscopy experiments were used to confirm imaging results. The CPUF 

apparatus has been described before, but a brief description of relevant information is included 

here.180-182 The chirped-pulse mm-wave spectrometer covering the range 70–90 GHz is coupled to 

a pulsed quasi-uniform flow. The propargyl chloride is seeded at 1% in helium and expanded from 

a Laval nozzle forming a quasi-uniform flow at a total density of ~1016 cm-3 and a temperature of 

10 to 40 K. Photodissociation of the propargyl chloride by a loosely focused 193 nm laser beam 

(~10 mJ per pulse) gives several products including the propargyl radical with Cl atoms, and HCl 

with C3H2. Absorption of a second 193 nm photon by the propargyl radical also gives C3H2 
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products, and the isomer-specific branching is the subject of studies reported elsewhere.183 The 

photoproducts are internally cooled in the flow, after which they are excited by π/2 pulses of mm-

wave radiation tuned to known transitions of C3H2 isomers at time intervals of 10 µs. After each 

mm-wave pulse, the free induction decay of the excited molecules is acquired and accumulated in 

the time domain, then Fourier-transformed to give the rotational spectrum from which branching 

is determined as described previously. Results for propargyl chloride shown here are compared to 

results obtained previously for 1,2-butadiene to isolate the component that is associated with HCl 

elimination.  

To explore the ground state potential energy surface of the C3H3Cl system, we employed 

the DFT functional wB97XD,184 which incorporates an empirical correction for long-range 

interactions, in conjunction with the aug-cc-pVDZ basis set.144-146 Further calculations were 

performed using the composite CBS-QB3 method.185-187 The structures of the minima and 

transition states were fully optimized and their vibrational frequencies estimated within the 

harmonic approximation.185,188 The transition states found in each pathway were confirmed by 

intrinsic reaction coordinate calculations. All calculations were performed with the Gaussian 16W 

package.188 Associated files are provided in Appendix B. 

4.3 Results and Discussion 

Ground state Cl atom images from photodissociation of propargyl chloride near 235 nm 

are first presented. Fig. 4.1A shows a DC slice image obtained with the UV probe laser alone (‘‘1-

color’’) and Fig. 4.1B shows probe following the high-power CO2 laser pulse (‘‘2-color’’). The 1-

color image is bimodal with a broad inner ring and a sharper outer ring with recoil along the laser 

polarization direction. As described in the previous chapter, we determined that the inner and outer 
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rings were the result of excitation to triplet states of propargyl chloride, namely T1 and T2/T3, 

respectively. We discuss the mixed composition of the outer ring further below. 

The 2-color image shows profound changes. The total signal increases by roughly a factor 

of two and a varying enhancement is seen in the yield at all recoil energies, with the central region 

becoming very intense. It is clear this enhancement must be due, in large part, to IR-enhanced UV 

dissociation, since the enhancement closely follows the distributions we observed in the UV-only 

images. The effects may be seen more clearly in the TEDs displayed in Fig. 4.2A. The region we 

assigned previously to the T1 excitation near 10 kcal mol-1 is enhanced by ~30%, while the main 

Fig. 4.1 DC slice images of 1-color UV Cl (A), 2-color Cl (B), 1-color UV Cl* (C), 

and 2-color Cl* (D) from photodissociation of propargyl chloride. Laser 

polarization axis is vertical in the plane of the figure. 
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T2/T3 peak is not strongly enhanced. Instead, the distribution extends to a significantly higher 

limiting translational energy: rather than the sharp cutoff around 35 kcal mol-1, the distribution 

tails off slowly to greater than 50 kcal mol-1. Considering this entire distribution there is a similar 

large IR enhancement for the T2/T3 contribution but it is spread over a broad, higher energy range. 

We previously examined energy partitioning in the UV-only dissociation and found for the 

main peak that ~45% of the available energy appeared in translation. If this fraction is maintained 

for this IR enhanced dissociation, then we can infer that the maximum excitation of the molecules 

that undergo IR enhanced dissociation via the T2/T3 excitation is ~42 kcal mol-1, i.e., on the order 

of 16 IR photons. Interestingly, we do not see such a shift in the maximum translational energy for 

the T1 contribution. This is likely because the C–Cl coordinate on T1 surface is not as steeply 

Fig. 4.2 Translational energy distributions of Cl (A) and Cl* (B) from 1-color UV 

(black) and 2-color (red) photodissociation of propargyl chloride 

photodissociation. 
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sloped in the FC region compared to T2/T3, so additional vibrational energy does not yield a greater 

impulse. Additional vibrational excitation does, however, increase the FC envelope to give greater 

excitation probability. The other very notable feature of the 2-color vs. 1-color images and TEDs 

for Cl is the prominent low energy peak that only appears in the 2-color result. This is a peak near 

5 kcal mol-1 that we ascribe to IRMPD leading to Cl atom elimination with the UV serving only 

as probe.  

Analogous results for Cl* are shown in the Fig. 4.1C and D images, showing marked 

differences from the ground state Cl case. The 1-color Cl* image does not show the 10 kcal mol-1 

contribution assigned to T1 excitation. It also shows an interesting structure in the main peak that 

is perpendicular for the inner component and parallel for the outer component, as discussed 

previously. We assigned the inner component to the T2 excitation and the outer component to T3 

and argued that the former branches more to Cl*, accounting for the more strongly perpendicular 

aspect of the inner component of the main peak for Cl* compared to Cl. The 2-color results for 

Cl* also show new and enhanced dissociation processes. There is a slight enhancement of the 

peaks corresponding to T2 and T3, and again a strong broad feature extending to 50 kcal mol-1 or 

so. The Cl* data also exhibits a low energy feature around 5 kcal mol-1 consistent with IRMPD. 

The Cl and Cl* images indicate dissociation by IRMPD and concurrent IR-enhanced UV 

photodissociation. Analysis of the angular distributions at different regions of the image further 

assists in disentangling the contribution from each. β is given as a function of recoil energy in Fig. 

4.3 and 4.4. We reproduce the TEDs in these plots to facilitate the comparison. Fig. 4.3A gives the 

1-color result for Cl, Fig. 4.3B gives the 2-color result. The low translational energy release and 

nearly isotropic angular distribution of the image center supports the assignment of the slow 

component to IRMPD. The IR-enhanced photodissociation distribution which we assign to T1 
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shows a reduction in the anisotropy from β ~ 0.7 to 0.4. We attribute this to rovibrational excitation 

of the parent induced by the CO2 laser leading to dissociation from the rotating parent molecule 

and from a wider range of geometries. For the region of the main peak around 20 kcal mol-1 that 

we associate primarily with T2 excitation, there is little impact on the anisotropy although there is 

a significant enhancement in the signal. One possible explanation is that the excitation shifts more 

to T3 which is more parallel, but at the same time there is a reduction in overall anisotropy, and 

these effects cancel. In the region of the main peak associated with T3, we again see a significant 

reduction in anisotropy, from β ~ 0.7 to 0.3. However, beyond 35 kcal mol-1, the β value rises 

significantly, to about 0.8. We believe this indicates a contribution from S2 now making an 

appearance, as direct excitation from distorted geometries becomes possible. S2 is the first strongly 

Fig. 4.3 Translational energy distributions (black) and anisotropy parameter β (blue) of 

Cl from 1-color UV (A) and 2-color (B) photodissociation of propargyl 

chloride. 
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allowed transition. The Cl* angular distributions given in Fig. 4.4A and B also show a significant 

reduction in overall anisotropy. The peak associated with T2 changes from β ~ -0.4 to 0.1. The 

main peak associated with T3 shows only a modest reduction in anisotropy, while again the new 

signal beyond 32 kcal mol-1 shows an increase in β just as in the case of Cl, again suggesting access 

to S2 for these hot molecules. 

Initial excitation by intense IR light gives access to unexplored parts of the potential energy 

surfaces, both in IRMPD and IR-enhanced UV photodissociation. The key difference between the 

two is that for IRMPD, we exclusively study dissociation from the ground electronic state. 

Previously, we reported that UV photodissociation at 235 nm does not yield HCl elimination and 

ascribed this to processes involving largely repulsive excited states. With IRMPD, however, we 

Fig. 4.4 Translational energy distributions (black) and anisotropy parameter β (blue) of 

Cl* from 1-color UV (A) and 2-color (B) experimental configurations of 

propargyl chloride photodissociation. 
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find evidence that the HCl elimination channel opens, as we detect HCl state-selectively for the 

first time. 

The HCl rotational distribution was obtained by scanning the probe laser after the IR 

excitation. The experimental REMPI spectrum can be seen in the top trace of Fig. 4.5 with HCl 

products detected on the S and R branches of the F1Δ2 X
1Σ+ (0,0) transition. Unfortunately, the 

spectrum is quite noisy owing to non-resonant background signals in which there is also some 

regular oscillation from etalon effects at a window. By modeling the relative abundance of the 

rotational population using PGOPHER (bottom trace Fig. 4.5),8,189 we inferred that HCl fragments 

were produced very cold with a rotational temperature of ~85 K. 

Fig. 4.5 Experimental HCl IRMPD REMPI spectrum (top trace) and simulation at 85 

K (bottom trace). 
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We have also recorded HCl images on several transitions and we show the results for R(1) 

in Fig. 4.6A. The image shows an intense central spot tapering to very low intensity that extends 

at considerable distance from the image center. Analysis of the image after subtraction of the 

background signal gives the distributions in Fig. 4.6B. The P(ET) shows a peak at very low 

translational energy, near 1 kcal mol-1, dropping quickly to around 10 kcal mol-1, after which there 

is a tail out to ~60 kcal mol-1. This clearly appears to consist of two components: one of these 

peaks at low energy typical of a ground state, barrierless dissociation, while the other encompasses 

Fig. 4.6 DC slice image of HCl (v = 0, j = 1) (A) and translational energy distribution 

(black) and anisotropy parameter b (blue) (B) from 2-color photodissociation 

of propargyl chloride. Red lines show decomposition of the distribution to two 

components (see text). 
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a broad distribution such as over a barrier or from an excited state process. We have fitted it to a 

sum of two distributions each using a flexible form that readily represents these two components: 

𝑃(𝐸𝑇) = 𝑎(
𝐸𝑇

𝐸𝑇𝑚𝑎𝑥
)𝑏(

1 −  𝐸𝑇

𝐸𝑇𝑚𝑎𝑥
)𝑐 

and the result is shown in red in Fig. 4.6B. Also shown in Fig. 4.6B is the recoil-dependent angular 

distribution summarized as β(ET).  

It is very illuminating to examine these considering results from Butler and coworkers at 

193 nm. They exerted considerable effort to distinguish the contributions of C3
+ (m/z = 36) from 

C3H3 fragmentation in the electron impact ionizer to the HCl+ signal at the same mass-to-charge 

ratio.137 They concluded that the HCl elimination P(ET) is bimodal with a minor peak at low 

translational energy and a broad one extending to 60 kcal mol-1 or so, much as we see here. 

However, their low energy peak was roughly ten-fold lower than what is seen here. We have 

argued above that initial vibrational excitation gains direct access to S2, so it is reasonable to expect 

a component in our HCl distribution that also resembles the 193 nm result which was assigned to 

S2. We suggest that the slow component is ground state dissociation, mostly from direct IRMPD, 

but there may be a small contribution from internal conversion from S2 that would also account 

for the analogous peak in the 193 nm result. The broad fast component is then entirely due to IR-

enhanced UV dissociation through S2. This is confirmed by the angular distributions which are 

close to isotropic at low recoil energy but become predominantly parallel in the region of the 

dissociation attributed to S2. One question that arises is how we could obtain a rotational 

temperature of 85 K given the broad component of the TEDs that extends to such high energy. To 

fit both we would clearly require two different rotational temperatures. Unfortunately, the high 

TEDs associated to the S2 contribution is likely so Doppler broadened that it is lost in the 
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considerable noise in the REMPI spectrum, and we only detect the intense features near line centers 

that are associated to the IRMPD.  

In our previous study we examined the excited state potential surfaces in some detail. Here, 

to aid in understanding the IRMPD, we characterize stationary points on the ground electronic 

state. The relative ZPEs of all structures are shown in Fig. 4.7. The threshold for Cl elimination is 

calculated to be 69.8 kcal mol-1, in reasonable agreement with the value from the active 

thermochemical tables of 68.6 kcal mol-1.1,156 Four different pathways have been identified for 

HCl elimination to aid in understanding the dynamics of that process. Two of these lead to 

formation of linear propadienylidene (l-C3H2) and another pathway gives cyclic propadienylidene 

(c-C3H2) as the co-product of HCl, while a fourth gives singlet propargylene. The barrier for 

elimination giving the cyclic product is prohibitively high at 127 kcal mol-1. There is a pathway 

for direct HCl elimination from propargyl chloride giving l-C3H2 with a barrier of 103 kcal mol-1. 

Direct HCl loss to form singlet propargylene, HCCCH, is also possible as shown. We were unable 

to locate a transition state for this and conclude it is barrierless and endoergic by 88 kcal mol-1.  

Alternatively, isomerization to 1-chloroallene has a barrier of only 58.8 kcal mol-1, after 

which there is dissociation at 66 kcal mol-1. This is the lowest energy decomposition pathway. In 

this pathway two transition states are found: one corresponding to the isomerization to 1-

chloroallene and the other to HCl formation from 1-chloroallene leading to a van der Waals well. 

The second transition state separating 1-chloroallene and the well, highlighted in Fig. 4.7 has the 

Cl atom in an abstraction geometry rather than a 3-center or 4-center HCl elimination structure. 

This is much as what we have seen for HCl elimination in Cl + butene reactions, for which only 

TSs of roaming character connect the strongly bound adducts to the elimination of HCl at the 

allylic sites.190,191  
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That is, the Cl atom must come off of 1-chloroallene to attain the abstraction geometry. 

This view is supported by the energy of the TS that is near that of the dissociated radical pair, as 

well as its low vibrational frequencies: the TS has an imaginary frequency of -193.35 cm-1 and two 

low bound frequencies of 72.76 and 196.20 cm-1. 

To support our identification of the C3H2 structure, we examined the 193 nm 

photodissociation of propargyl chloride in our CPUF apparatus, and the results are shown in Fig. 

4.8. Although this is a different wavelength from that employed in the imaging study above, in 

both cases we believe the HCl results from dissociation on the ground state, so we expect the same 

product isomer. Results for propargyl chloride are presented along with those for 1,2-butadiene 

that were previously studied to understand branching in propargyl radical dissociation.183 These 

experiments were performed in a quasi-uniform flow at low temperature but in a collisional 

environment to permit relaxation of the products to the local temperature (~14 K) for detection. In 

the previous study, propargyl radical was first prepared by photodissociation of 1,2-butadiene. 

Absorption of a second photon gives the radical products which are then cooled in the flow and 

detected. In Fig. 4.8A we show representative raw signals on the indicated rotational transitions 

for l-C3H2 and c-C3H2 but additional transitions are included and averaged (after normalizing by 

the density and weighting by the linestrength) to give the branching, l-C3H2/(l-C3H2 + c-C3H2), 

shown in Fig. 4.8B. The red spectra indicate times in the flow we associate with nascent 

photochemical products after cooling to the flow temperature, 60–70 ms after the photolysis laser. 

We attribute the intensity and time-dependence of C3H2 signals from 1,2-butadiene exclusively to 

H atom loss from propargyl radical, with negligible contribution of CH4 loss from the parent 

molecule. Also shown in Fig. 4.8 is the analogous result for propargyl chloride photodissociation. 

Although propargyl chloride does  
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produce propargyl radical that can subsequently undergo the same chemistry, C3H2 products are 

also clearly formed directly by HCl loss from the propargyl chloride parent as discussed 

extensively in the literature. Thus, the two precursors give rise to different branching fractions 

between the C3H2 isomers. In addition to H atom loss from the propargyl radical that occurs for 

both propargyl chloride and 1,2-butadiene, for the former there is also direct HCl elimination. The 

increased branching to linear over cyclic-C3H2 seen in Fig. 4.8 shows that l-C3H2 is the dominant 

isomer formed following HCl elimination from propargyl chloride. Subsequent disappearance of 

l-C3H2 and appearance of intense c-C3H2 (after 70 µs) is ascribed to H-atom catalyzed 

isomerization in the high-density region of the flow as discussed previously.183 

Singlet propargylene is also a possible product isomer, but we cannot detect it owing to its 

negligible dipole moment. We would expect this to undergo H catalyzed isomerization to c-C3H2, 

which would appear at later times, just as we have shown for the triplet propargylene and l-C3H2. 

Much less of the late c-C3H2 from H-catalyzed isomerization is observed in the case of propargyl 

chloride. This may reflect secondary chemistry involving Cl atoms, but in any case, it does not 

suggest the presence of a distinct dark channel. The much higher energy onset of HCCCH also 

suggests it would be weak or negligible relative to the HCl loss from chloroallene under conditions 

of IRMPD. Although we can readily determine the branching between the different isomers 

detected, we do not know the probability of direct propargyl chloride photodissociation vs. 

absorption of a second photon by the propargyl radical, so we cannot determine the branching for 

HCl elimination from this data. In short, these rotational spectra for propargyl chloride 

photodissociation at 193 nm show enhanced formation of l-C3H2 compared to 1,2-butadiene, 

supporting its assignment as the product isomer as identified in the ab initio calculations. 
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4.4 Conclusion 

 TEDs of Cl fragments reveal dissociation from multiple pathways, including UV, IR-

enhanced UV, and IRMPD processes in these experiments. IRMPE results in the enhancement of 

UV photodissociation processes and additional fast fragments and parallel anisotropy which we 

attribute to access to S2 from distorted geometries. IRMPD produces a high abundance of slow Cl 

fragments and less slow Cl* fragments. We interpret these fragments peaking at low energy to be 

the result of dissociation near threshold from the ground state. HCl is likely formed both by 

IRMPD, peaking at low energy, and from S2 extending to 60 kcal mol-1. A quantum chemical 

survey of the ground state PES indicates that the lowest energy decomposition pathway involves 

isomerization to 1-chloroallene followed by a roaming-like transition state that assumes an 

abstraction geometry to produce HCl and l-C3H2. This is in line with the cold rotational 

temperature measured for the low energy peak. CPUF experiments, although performed at 193 

nm, further support the production of l-C3H2 in photodissociation of propargyl chloride. Results 

presented here combined with our recent characterization of its UV photodissociation provide an 

improved understanding of the potential energy landscape and associated dissociation dynamics 

of propargyl chloride. 
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CHAPTER 5 

HDCO SPECTROSCOPY AND RADICAL DISSOCIATION 

THRESHOLDS 

5.1 Introduction 

 Formaldehyde has been vital to advancements in spectroscopy and the understanding of 

polyatomic dissociation dynamics.24,30,31,44,170,192-202 The most well-studied four atom molecule, it 

is tractable theoretically and easily studied via absorption of frequency doubled light from YAG-

pumped dye lasers for electronic spectroscopy.51,194,203-205 Infrared and microwave radiation have 

also been used for thorough vibrational and rotational investigations, respectively.206-214 

Accessible and long-lived singlet and triplet excited states permit state-specific excitation, and 

radical and molecular dissociation pathways in formaldehyde make it a perfect prototype system 

to develop an understanding of various dynamical events including characterization of the roaming 

mechanism.24,43,44 We are interested in investigation of quantum effects in roaming, and ZPE 

differences for isotopologues represent a singular quantum effect whose impact on roaming have 

yet to be explored. In this chapter we present an initial determination of the H- and D- loss 

thresholds in HDCO, which in turn allows for a precise determination of the heats of formation of 

HDCO and DCO. While different symmetry and ZPE are different for HDCO and H2CO, energy 

flow dynamics are analogous. A schematic of potential energy curves and relevant energies 

important to formaldehyde spectroscopy and dynamics is shown in Fig. 5.1.53  

 Investigation of the isotopologues D2CO and HDCO and comparison to H2CO has 

improved spectroscopic theory and provided general insight into molecular dissociation 

dynamics.215-219 Formaldehyde is also one of the most abundant molecules in interstellar space and 

HDCO has been detected in OMC-1, cometary objects, and protostars.220,221 Observation of 
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deuterated species may help determine the physical and chemical conditions of star-forming 

regions.220,222-224 Extensive rotational analyses have been performed by microwave and millimeter 

wave methods, including a study using several spectrometers and older measurements compared 

to ab initio predictions.208 Infrared and Raman spectra of HDCO were first reported by Davidson, 

Stoicheff, and Bernstein.211 The ground vibrational state was further characterized through analysis 

of rotational fine structure by Job, Sethuraman, and Innes,216 ν3, ν5 and ν6 were investigated by 

Johns and McKellar using conventional infrared absorption and CO laser Stark spectroscopy,209,210 

and finally, all fundamentals were updated and summarized by Clouthier and co-workers.197 Large 

scale variational calculations were also performed to determine the vibrational structure and 

mixing,206,207 and higher resolution measurements have improved agreement between theoretical 

and experimental line intensities and positions in addition to new line lists over a broader frequency 

range.225 

Fig. 5.1 Schematic of relevant PES cuts with energies and pathways indicated. Adapted 

with permission from M.S. Quinn et al, J. Chem. Phys., 147, 013935 (2017) © AIP. 
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 In addition to ground state characterization, Job and co-workers provided a thorough 

vibrational and rotational analysis of the 1A2–
1A1 system,216 including determination of excited 

state fundamentals. Bands of this system were later reinvestigated with higher resolution and 

magnetic rotation,226 leading to a reassignment of v3 to v6 and deduction of a mechanism for 

selection rules. A similar vibrational and rotational analysis of the 3A2–
1A1 system for four vibronic 

bands, as was done for 1A2–
1A1, determined the triplet geometry and identified Coriolis 

perturbations.227 Normal modes of vibration and symmetry species of H2CO, analogous to HDCO, 

are included in Fig. 5.2.197,228 Designation of inertial axes in cartesian coordinates are also 

indicated.  

Deuterium substitution results in longer fluorescence decay times and causes the CO 

rotational distribution from the tight transition state pathway to be shifted higher.218,219,229,230 

Shorter lifetimes in H2CO are ascribed to S1 coupling to the S0 “lumpy continuum” where ground 

state vibrational levels are broadened by tunneling through the barrier to molecular 

products.194,201,218,220 A higher CO rotational distribution can be explained using the rotational 

Fig. 5.2 Left. Inertial axis designations. Right. Normal modes of vibration and 

symmetry species. Adapted with permission from D.J. Clouthier et al, Ann. Rev. 

Phys. Chem., 34, 31–58 (1983) © Annual Reviews and D.E. Reisner et al, J. Chem. 

Phys., 80(12), 5968–5978 (1983) © AIP. 
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reflection principle, where the maximum jCO is scaled with the square root of the reduced mass of 

deuterium substitution of H2.
215,231 A comprehensive study of H2CO, HDCO, and D2CO using 

photoacoustic absorption and VUV laser-induced fluorescence detection of atomic products then 

determined T1 barrier height, the S1–T1 intersystem crossing rate, and radical dissociation 

thresholds.232 Threshold energies were calculated assuming a Born–Oppenheimer potential, and 

threshold differences arise from ZPE differences. For H2CO and D2CO, lower bounds were 

determined experimentally by comparing photoacoustic and PHOFEX spectra and upper bounds 

were set at the origin of the vibrational band where the PHOFEX and photoacoustic spectra match 

completely. 

 Decades of experimental and theoretical work have since been able to determine the radical 

threshold for H2CO, 30327.6 ± 0.9 cm-1, accurately.2,215,233 The same cannot be said for HDCO. 

For HDCO, only the D atom radical threshold has been obtained, derived from an extrapolation of 

the H/D branching ratio to infinity.232 The experimental and calculated thresholds reported have a 

∼100 cm-1 uncertainty and have not been updated for more than three decades. Using H and D 

atom REMPI detection and velocity map imaging,101,103 translational energy determination of 

atomic fragments at a range of energies allows for a more accurate determination of HDCO ground 

state radical thresholds with little uncertainty. 

5.2 Experimental Methods 

 Synthesis of paraformaldehyde-d1 was adapted from a previously described method, which 

is detailed below.234 CDBr3 (50 g) was added to an oven-dried 200 ml round bottom flask, attached 

to a reflux condenser and an argon-filled balloon, and then Bu3SnH (57 g) was added dropwise 

carefully. After addition and waiting for 10 min, the reaction mixture was heated to reflux for 25 
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h. The mixture then was distilled to give pure CDHBr2. CDHBr2 (15 g) was placed in a 200 mL 

round bottom flask. Glacial acetic acid (54ml) and acetic anhydride (6 ml) were added. Potassium 

acetate (26 g) was then added in one portion and the reflux condenser and an argon-filled balloon 

were quickly attached to the round bottom flask. The reaction mixture was heated at reflux for 40 

h. The mixture was then allowed to cool to room temperature and 150 ml of diethyl ether were 

added. White precipitated potassium bromide was filtered off several times and more diethyl ether 

was added until there was no precipitated potassium bromide formed. The filtrates were combined, 

and the solvent was removed by a rotary evaporator to afford the pure d-methylene diacetate in 

78% yield. d-Methylene diacetate (9 g) was placed in a 25mL round bottom flask and HPLC grade 

water (1 ml) and conc. HCl (1 ml) were added. The reaction mixture was then heated to reflux for 

24 h. The solvent was removed by oil pump and paraformaldehyde-d1 was formed as a white 

powder. 

 HDCO monomers were produced by a method adapted from previous experiments in 

which monomers are liberated from paraformaldehyde-d1 upon heating.233 Paraformaldehyde-d1, 

anhydrous MgSO4, and glass wool were packed into a KF elbow before the valve. The KF elbow, 

valve, and connecting stainless steel parts were wrapped with braided fiberglass heating cord and 

heated to ∼70°C to liberate HDCO monomers from paraformaldehyde-d1. A 930 Torr helium 

backing pressure resulted in a ∼5% formaldehyde concentration and a beam temperature of ∼18 

K. Beam temperature was approximated from relative populations of HDCO rovibrational lines 

and known experimental conditions of H2CO experiments also being performed. 

UV light was generated by frequency doubled or tripled narrow linewidth (0.1 cm-1) dye 

lasers pumped by Nd:YAG lasers. Pump energies were less than ∼0.2 mJ/pulse and probe energies 

were ∼0.2 mJ/pulse. PHOFEX spectra were obtained by scanning the excitation/dissociation laser 
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from 30,100 to 31,800 cm-1 for rovibrational bands on S1 and using REMPI detection of jCO = 44 

via Q(B1Σ+←X1Σ+).106 Spectral simulations were done using PGOPHER8 and a fit was performed 

to assign rotational structure in vibrational bands of the experimental spectra. HDCO was then 

photodissociated with different pump frequencies corresponding to different rovibrational lines. 

HDCO ground and excited state J were between 0 and 4, with a rotational energy typically around 

6 cm−1 and up to 26cm−1. H and D atoms were detected by 2+1 REMPI via 2s(2S1/2)←1s(2S1/2) 

near 243 nm.3,110,235,236 

5.3 Results and Discussion 

Excitation energies were determined by first obtaining PHOFEX spectra of HDCO over a 

wide range. CO REMPI was used as the probe because molecular dissociation occurs well below 

both radical thresholds via a tight transition state pathway and this way background from H or D 

atoms from formyl radical multiphoton dissociation can also be avoided. A dense PHOFEX 

spectrum with more than twenty vibrational bands was recorded, Fig. 5.3. The spectral density is 

further demonstrated over a 250 cm−1 range, Figure 5.3 inset, with at least three partially 

overlapped vibrational bands, 2261, 2243, and 224261. Green dots above the transitions indicate the 

rotational lines used to prepare HDCO on S1 in the imaging experiments. The radical thresholds 

determined in this work are also marked in Fig. 5.5. 

Upon imaging H and D atom photoproducts using four different pump energies (Fig. 5.4 

left and right columns, respectively), features with radii that increase with energy are observed. 

The top image is recorded on the rovibrational line where H and D atoms were first detected, 

indicated by the small center spot. The three subsequent images have pump energies increased by 

hundreds of wavenumbers. The increase in the maximum radius at which ions are observed with 

pump energy reflects the excess of the pump energy above the radical threshold.  
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The intercept found in a plot of the translational energy vs. the upper state energy of the 

transition, Fig. 5.5, allows for the radical threshold energy to be determined more accurately than 

simply using the lowest energy rotational line that yielded atomic fragments. H and D atom 

thresholds of 30448±5 and 30949±3 cm-1 were thus determined. Using the latter value with the 

heats of formation of D and HCO from the Active Thermochemical Tables,1,156 we obtain ΔH0
f (0 

K) = −109.03±0.10 kJ/mol for HDCO. Using this with the H atom threshold we obtain ΔH0
f (0 K) 

= 39.17±0.14 kJ/mol for DCO.  

D atom TEDs, Fig. 5.6, for three of the images in Fig. 5.4 show the expected behavior, 

with increased pump energy directly correlating with increased translational energy. H atom TEDs, 

Fig. 5.7, for three of the images in Fig. 5.4, are not broad and structureless like the D atom P(E). 

The H atom image from the 31449.3 cm−1 excitation also exhibits a less intense faster distribution 

of fragments around an intense center spot, indicating concomitant excitation of the DCO bend. 

Many S1 vibrational bands have previously been observed, and 1A2–
1A1 rovibrational lines 

assigned. Only select frequency ranges, however, have been assigned, likely due to spectral 

complexity and the relatively low resolution of previous measurements. Here, we have recorded 

PHOFEX spectra, Fig. 5.3, over an entire region at energies spanning nearly 2000 cm-1. The 

density of rovibrational lines and overlapping vibrational bands is exhibited by different colored 

boxes highlighting three different vibrational bands in Fig. 5.3 inset. A detailed analysis and 

assignment of these vibrational bands will be reported later. 

Previously published calculated and experimental thresholds (often calculated for the 

different isotopologues using vibrational frequencies to predict the difference) were at least 35 cm-

1 lower than H and D atom thresholds of 30448±5 and 30949±3 cm-1 determined here. A linear  
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Fig. 5.4 Selected images of H atom (left column) and D atom fragments (right column) 

from excitation on different rovibrational lines of HDCO. 
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least squares analysis was performed to determine the intercepts and the standard error of the 

dependent variable was used to determine the uncertainty. Uncertainty in these thresholds arises 

principally from the determination of the radius. Radii of images were determined by averaging 

the radius obtained in each quadrant separately, resulting in a standard deviation between 4 and 30 

cm-1 for each point. Larger standard deviations at higher energies reflected in the error bars of Fig. 

5.5 that contain two standard deviations, are a consequence of uniform uncertainty in image radii 

giving a quadratic dependence of the uncertainty in energy.  

This study offers the first reported experimental value for the H atom ground state radical 

threshold for HDCO. As for the D atom threshold, we note that at a pump energy of 30885.6 cm−1, 

an energy near the upper bound of the measured and calculated threshold range previously 

reported, D atoms were no longer detected. The previous experimental determination of the D 

atom threshold derives from a rough extrapolation of the H/D branching ratio.232 While the new 

value lies above the upper limit of the range determined in that study, the measurement here of 

Fig. 5.5 Translational energy plotted against upper state energy for H atom (red) and D 

atom (blue) fragments. 
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translational energy release from a range of excitation energies has the advantage of allowing for 

a direct determination. 

Excitation of HDCO at all energies resulted in relatively Uniform D atom TEDs, Fig. 5.6. 

Those for H atom peaked at a higher energy corresponding to its nearly 500 cm-1 lower threshold, 

as is reflected in the P(E) plots from 31052.6 cm-1 excitation in Fig. 5.6 and 5.7 The lower H atom 

threshold also results in more available energy for its cofragment DCO. At the highest excitation 

energy used, 31449.3 cm-1, the H atom P(E) in Fig. 5.7 decreases with increasing translational 

energy beyond 140 cm-1 then rises again above ∼200 cm-1. A total translational energy of 140 cm-

1 corresponds to a DCO internal energy of 866 cm-1, closely matching the frequency of the ∼850 

cm-1 DCO bending mode.237-242 All other vibrational modes are higher in energy and just beyond 

the available energy. The HCO bending mode, ∼1080 cm-1, is not seen in the D atom P(E) in Fig. 

5.6 because the excitation energy is insufficient. The H atom P(E), particularly at high energy 

Fig. 5.6 D atom translational energy distributions of three selected images displayed in 

Figure 5.4. 
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beyond the DCO bending mode, does not appear to be purely statistical. Future studies are 

necessary to investigate the underlying dynamics and potential involvement of the T1 barrier. 

Previously, the distribution of population in HCO states characterized by different values of Kc, 

the quantum number describing projection of angular momentum onto the c-axis, was sensitive to 

initially prepared Kc of H2CO.233 Oscillations in detailed HCO product state distributions over a 

more than 300 cm-1 range could not be explained, showing deviations from calculations based on 

phase space theory when Ka, the quantum number describing the projection of angular momentum 

onto the a axis, and Kc were included.243 

5.4 Conclusion 

 PHOFEX spectra over a wide range will allow for the assignment of more 

vibrational bands and determination of spectroscopic constants. Known frequencies of rotational 

lines can be used to study the dynamics of different vibrational bands and the energy dependence 

Fig. 5.7 H atom translational energy distributions of three selected images displayed in 

Figure 5.4. 



76 

 

of different processes. Accurate ground state radical thresholds obtained from velocity map 

imaging will assist future HDCO dynamics studies. Threshold phenomena such as competing 

roaming and non-roaming molecular pathways that occur in H2CO require exact threshold energies 

and an understanding of the underlying dynamics in the radical dissociation channel. The effect 

on HDCO of excitation at each atomic threshold and the energies in between each may reveal 

essential information on the roaming mechanism and assist in refining the PESs. 
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CHAPTER 6 

QUANTUM ASPECTS OF THE ROAMING PATHWAY IN 

FORMALDEHYDE PHOTODISSOCIATION 

6.1 Introduction 

 The signatures of formaldehyde roaming dynamics were introduced in Chapter 1. Here I 

investigate quantum aspects of the mechanism. Quantum modulation and control is of enormous 

importance as the world inches towards the age of quantum computing.  Identification of the 

influence of quantum mechanics on the dynamics of a system as with as many degrees of freedom 

as formaldehyde could provide universal insights, similar to the initial roaming study.24,44 At the 

roaming threshold in formaldehyde the H atom de Broglie wavelength is up to 7 Å, behaving like 

a diffuse wave spreading over the molecule.44 Quantization of vibrational and rotational motion 

gives rise to ZPE, which is a challenge for QCT investigations of roaming.244-246 Both roaming and 

tight TS pathways can produce CO with moderate rotational excitation, resulting in a range of jCO 

states produced from both pathways, as demonstrated in Chapter 1 (Fig. 1.2B). If both CO and H2 

product pairs are produced in the same rovibrational state from both pathways, quantum 

interferences will occur, but their manifestation is not clear. Quantum mechanics allows for 

tunneling to radical and molecular products and tunneling or corner-cutting to molecular products 

via the tight TS or roaming saddlepoint.30,201  

Formaldehyde exists as two nuclear spin isomers, ortho and para, with a 3:1 statistical 

weight advantage for the ortho form and no interconversion between them on the timescales of 

these experiments. The earlier investigations of roaming have focused on ortho formaldehyde 

owing to the enhanced sensitivity the statistical advantage provides, but some para levels have also 

been studied and found to give a greater roaming yield on specific CO product states.202 Here, a 
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detailed examination of the photochemical dynamics in both ortho and para formaldehyde 

exploring the full range of parent rotational levels from J= 0 to 4 is provided. Measurements of the 

entire CO (v = 0) product rotational distributions are combined for each with velocity map imaging 

of selected CO product states to obtain a complete picture of the photochemical dynamics for each 

specific parent rotational level.  

6.2 Experimental Methods 

H2CO monomers were produced by a method adapted from previous experiments in which 

monomers are liberated from paraformaldehyde upon heating.233 Paraformaldehyde, anhydrous 

MgSO4, and glass wool were packed into a KF elbow before the valve. The KF elbow, valve, and 

connecting stainless steel parts were wrapped with braided fiberglass heating cord and heated to 

∼70°C to liberate H2CO monomers from paraformaldehyde. A 930 Torr helium backing pressure 

resulted in a ∼5% formaldehyde concentration and a beam temperature of between 10 and 20 K. 

Beam temperature was approximated from relative populations of H2CO rovibrational lines could 

be adjusted approximately by changing the backing pressure and the valve timing, allowing for an 

earlier part of the supersonic expansion to be sampled.  

UV light was generated by frequency doubled or tripled narrow linewidth (0.1 cm-1) dye 

lasers pumped by Nd:YAG lasers. Both pump and probe energies were less than 0.2 mJ/pulse. 

PHOFEX spectra were obtained by scanning the excitation/dissociation laser from 29460 to 31560 

cm-1 for rovibrational bands on S1 and using REMPI detection of various jCO levels via 

Q(B1Σ+←X1Σ+)106 around 230 nm and H atoms via 2+1 REMPI via 2s(2S1/2)←1s(2S1/2) near 243 

nm.3,110,235,236 Vibrational bands on S1 covered in this scan range include 2141, 2161, 2143, 2241, and 
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2243. Spectral simulations were done using PGOPHER8 and a fit was performed to assign rotational 

structure in vibrational bands of the experimental spectra.  

CO REMPI spectra were obtained by fixing the excitation/dissociation laser on a particular 

parent rovibrational line and scanning the probe laser from 43455 to 43506 cm-1, covering jCO = 0 

to 63. Accounting for 2J + 1 degeneracy weighting provides the CO rotational distribution from 

photodissociation at the selected parent state. H2CO ground and excited state J were between 0 

and 4, with a rotational energy typically around 6 cm−1 and up to 43 cm−1.  Imaging of various jCO 

levels was also performed following excitation and dissociation of parent rovibrational lines. 

6.3 Results 

PHOFEX spectra of many formaldehyde vibrational bands of S1 have been collected in 

multiple studies.25,233,247 Exact energies of the range of rotational lines, however, have not been 

reported; more often the value of the transition used is given, usually without specifying which 

line. A PHOFEX spectrum of the 2143 vibrational band, was first collected because it is just above 

the roaming threshold and has a large oscillator strength (Fig. 6.1, top). Rotational lines were 

assigned by simulating the spectrum (Fig. 6.1, bottom) using PGOPHER. The most intense ortho 

transitions, such as 𝑄1,0(1) →  101
𝑝

 and the overlapping 𝑅1,0(1) →  221
𝑟 / 𝑅1,1(1) →  220

𝑟  lines, 

are often used.51,53,204 The para transitions, closely spaced asymmetry doublets in the upper state, 

in the box of Fig. 6.1 were studied here in addition to other ortho transitions. The energy of each 

2143 transition used to excite formaldehyde, lower state energy, and upper state energy can be 

found in Table 6.1.  

Rotational lines of asymmetric tops are described by the quantum numbers of the upper 

and lower states in the transition, 
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∆𝐽𝐾𝑎′′,𝐾𝑐′′(𝐽′′) →  𝐽′𝐾𝑎′,𝐾𝑐′
∆𝐾𝑎  

where 𝐽′′, 𝐾𝑎′′, and 𝐾𝑐′′ are the rotational quantum number in the lower state, the projection of 

rotational angular momentum onto the a inertial axis in the lower state, and the projection of 

angular momentum onto the c inertial axis in the lower state, respectively. Analogously, 𝐽′, 𝐾𝑎′, 

and 𝐾𝑐′ describe the upper state, and ∆𝐽, ∆𝐾𝑎, and ∆𝐾𝑐 are the difference between each. Letters p, 

q, and r describe ∆𝐾𝑎 = -1, 0, and 1, and P, Q, and R describe ∆𝐽 = -1, 0, and 1, respectively.  

 CO rotational distributions were collected by fixing the pump laser on each different ortho 

and para transition and scanning the probe laser. Product CO(v = 0) rotational distributions, noting 

that v = 0 is the dominant CO vibrational level produced at this energy, are revealed to be 

significantly different (Fig. 6.2). Raw spectra not shown in this Chapter are provided in Appendix 

E. Rotational levels below jCO = 20 are largely from roaming events, and those above jCO = 30 

result almost exclusively from dissociation over the conventional tight TS. Fig. 6.2A shows the 

distributions following excitation of ortho formaldehyde to the lowest five rotational levels in S1, 

Fig. 6.1 2143 PHOFEX spectrum with jCO = 44 REMPI detection (top) and PGOPHER 

simulation (bottom). Commonly used ortho rotational lines and the four para 

rotational lines are labeled. 
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000 through 404, corresponding to the upper state rotational quantum numbers. Fig. 6.2B gives the 

analogous plot for the para levels, of which there are four in the same energy region. These are 

closely spaced asymmetry doublets 110, 111 and 211, 212.  

Rotational line Position Lower state energy Upper state energy 

pP1,5(5)→404 30317.5 43.4 30360.9 

pP1,1(1)→000 30329.2 10.5 30339.8 

pQ1,1(2)→202 30330.4 15.7 30346.1 

pQ1,0(1)→101 30331.2 10.7 30341.9 

pR1,2(2)→303 30337.2 15.2 30352.5 

rQ0,2(2)→211 30346.1 7.3 30353.4 

rQ0,1(1)→110 30346.7 2.4 30349.1 

rR0,0(0)→111 30349.0 0.0 30349.0 

rR0,1(1)→212 30350.7 2.4 30353.1 

rR1,0(1)→221/
 

rR1,1(1)→220 

30364.06/ 

30364.22 

10.7/ 

10.5 

30374.76/ 

30374.76 

Oscillations in these CO rotational distributions are clearly seen: Those associated with 

roaming were recently inferred from measurement of the H2 distributions for v = 6 and above and 

discussed further below.248 Here we see the entire sweep of the distributions and observe obvious 

bimodality also in the products from the tight TS with negligible change in excitation energy. At 

high jCO, there appears to be one maximum near jCO = 32 and another near jCO = 45. These effects 

Table 6.1 Rotational lines of 2143 and their energies 
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are not captured by any classical treatment of the dynamics, but it is interesting to note the dip in 

the main peak can be seen in the distributions reported by van Zee et al. in the early work that 

anticipated roaming in formaldehyde51 as well as in recent measurements from the Kable group.53 

The para levels also show the same bimodality in the tight TS pathway, with 110 resembling 303, 

while 111 is dominated by the high-jCO peak and shows a minimum around jCO = 32. We note the 

difference in excited state energy for these jCO = 1 para levels is only 0.09 cm-1 (Table 6.1). The 

211 and 212 distributions show two minima within the main peak. The roaming regions also show 

oscillations, but these are generally more subtle. One point is obvious in comparing Fig. 6.2A and 

6.2B: except for the 303 level, all the ortho distributions are quite similar, but the para distributions 

vary dramatically. Furthermore, the 303 level stands out as distinct from all the others, with the 

high-jCO region resembling 110, but also featuring enhanced low jCO. 

Images of jCO = 28, 37, 45 obtained by velocity map imaging following excitation of a 

range of parent rotational levels are presented (Figs. 6.3). As discussed in Chapter 1, the low 

translational energy peaks indicate highly vibrationally excited H2 from roaming, while the high 

translational energy contribution is from the conventional transition state pathway.   

Fig. 6.2  Rotational distributions for CO (v = 0) following excitation of a range of parent H2CO 

rotational levels on the 2143 band. All have been normalized to the same total 

population. 
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Both para (111, 110, 211, and 211 in the upper state) and ortho (000, 101, 202, and 303 in the 

upper state) transitions are included. Associated total TEDs, normalized separately with a three-

point smooth applied, in addition to jCO = 23, 32, 50 TEDs are also shown (Figs. 6.4).  Low-jCO 

pure roaming distributions are mostly similar in all cases, with minor fluctuations in νH2 = 7, 8 and 

9, and is not shown here. A detailed investigation uncovering bimodality of H2 (ν,j) distributions 

produced via roaming was recently published and perhaps is related to these fluctuations.248 A 

more complete set and all associated images and can be found in Appendix C and Appendix D, 

respectively. The progression from low to high jCO shows the inner rings corresponding to 

vibrationally excited H2, νH2 > 5, dissipate for every excitation, as is expected with the long-range 

roaming reaction incapable of forming high jCO and correlated low νH2 (Fig. 6.3). The relative 

intensity of the inner vs. outer rings wildly vary depending on the excitation. Para transitions 

clearly exhibit a higher propensity to roam, especially 111, than ortho transitions, though 303 has 

relatively more intense inner rings than the other ortho transitions (Fig. 6.3A). Differences in the 

relative intensities can be seen in jCO = 37 (Fig. 6.3B) and jCO = 45 (Fig. 6.3C) images, thought 

they are not immediately as identifiable in the jCO = 28 images where roaming can be detected. 

Peaks in TEDs reflect the correlated H2 internal state distributions (Fig. 6.4), as indicated 

by the combs above, and can readily be ascribed to roaming or tight TS pathways as there is little 

overlap between these at high and low νH2. Only the jH2 = 0 or 1 states are marked in the combs. 

Nuclear spin is conserved in formaldehyde photodissociation, meaning only even and odd jH2 sates 

can be formed for para and ortho excitations, respectively.52,249,250 The distributions in Fig. 6.4 

have been separately normalized by their areas to facilitate comparison. As observed in the images, 

the para levels tend to show much greater variation in the correlated state distributions as well as 

in the roaming fraction in the regions where both roaming and tight TS pathways contribute. The 
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ortho levels in Fig. 6.4 show more uniform distributions, and the roaming fraction for each CO 

product state is mostly consistent regardless of the parent level excited, although there are some 

clear deviations, most significantly for 303. An interesting exception in the region jCO = 32 – 37, 

where the ortho levels show significant variance. The shifting TEDs, however, do not follow any 

trend with J of the ortho transition. This comparison is quantified by the variance, s2, indicated for 

each jCO product level in each figure. We see an interesting exception in the region jCO =32 – 39. 

In that region, the ortho levels show much greater variance while for the para levels it is reduced 

Fig. 6.4  Total translational energy distributions of a series jCO images for a series of ortho and 

para excitations of 2143.   
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there. For purely tight TS pathways, jCO = 50 TEDs are notably similar, though the jCO = 45 TED 

for 000 has a larger population of νH2 = 3. The TEDs from para transitions exhibit extreme  

differences where roaming is a possible pathway, and similar observations apply for the jCO = 50 

TED, where the relative νH2 = 0 – 2 populations fluctuate for every transition. The sum of these 

observations indicates that the underlying dynamics are not governed by one phenomenon. 

Excitation via different rotational lines not only modulate the branching where roaming and tight 

TS pathways are present, but also affect TEDs associated exclusively from the tight TS pathway. 

Furthermore, the varying dynamics are not exclusive to para transitions, but can also be seen for 

ortho transitions, and the drastically different TEDs are affected by altering the upper state energy 

by only 2 cm-1. 

The roaming threshold is first crossed on vibrational band 2161, which has an origin value 

of T0 = 30252 cm-1, close to that of 2143, T0 = 30340 cm-1. Though not analyzed as thoroughly as 

2143 here, similar effects are observed (Fig. 6.5). The jCO = 23 images (Fig. 6.5A) and associated 

TEDs (Fig. 6.5C) show modulation of the roaming population, with more produced from 111 

compared to 110. An effect is not observed for jCO = 45 images (Fig. 6.5B) and associated TEDs 

(Fig. 6.5D). The correlated νH2 = 0 – 2 population of jCO = 45 varies for in a similar way to 2143. 

Images and TEDs are noisier due to weaker transition strength of rotational lines on a vibrational 

band involving v6 instead of v4.   

Below the roaming threshold, the tight TS pathway governs the formation of jCO and 

rotational distributions are unaffected by the roaming pathway. The closest vibrational band to 

threshold is 2141. Excitation via a range of ortho and para levels produce CO rotational distributions 

with extremely different structures that can be seen in the raw REMPI spectra (Fig. 6.6). The 

varying structure of the rotational distributions confirm the presence of complicated dynamics 
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related with only the tight TS pathway similar to those observed in high jCO images above the 

roaming threshold.  

The observations presented thus far have been near the radical and roaming thresholds, 

where alternate dynamical effects may dominate that are not present or are obscured at higher 

Fig. 6.5  DC slice images of a series of 2161 para excitations of jCO = 23 (A) and jCO = 45 (B). 

Associated total translational energy distributions of jCO = 23 (C) and jCO = 45 (D). 
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energies. Higher energy vibrational bands 2241, T0 = 30659 cm-1, and 2243, T0 = 31532 cm-1,197 

were thus investigated in a similar manner as 2143. Initial investigations were focused on para 

transitions, and there is no ortho data for these vibrational bands. PHOFEX spectra for 2241 and 

2243 were collected first using different jCO level and H atom REMPI detections methods. Because 

these vibrational bands contain the same modes, ν2 and ν 4, with different quanta, PHOFEX spectra 

generally have the same structure and relative intensities. Different spectra will only be presented 

when they aid discussion, and the rest can be found in Appendix E. Presently, we examine jCO = 

23 and 45 images for 2241 and 2243. Images for 2241 (Fig. 6.7A and 6.7B) and 2243 (6.7C and D) 

do not have immediately discernible differences. The associated TEDs for the jCO = 23 and 45 

images (Fig. 6.8) confirm that the parent state does not significantly affect the TEDs as the para 

transitions of 2143 did, except for νH2 = 0 – 3 population of jCO = 45 varying for 2241. The roaming 

populations in jCO = 23 do have minor fluctuations for 2241, but TEDs for 2243 are unaffected.   

Fig. 6.6  Raw CO REMPI spectra for several ortho and para excitations on the 2141 band.  
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The overall roaming fraction for a particular H2CO parent state can be determined by 

calculating the roaming fraction for each TED (defined as the fraction giving H2 ν > 5), then 

weighting these by the rotational distributions in Fig. 6.2. This is shown for two examples in Fig. 

Fig. 6.7  DC slice images of jCO = 23 dissociated from 2241 (A), jCO = 45 dissociated from 2241  

(B), jCO = 23 dissociated from 2243 (C), jCO = 45 dissociated from 2243  (D). 
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6.9. Integration of this weighted distribution for all products gives us the overall roaming fraction, 

also shown in Fig 6.9. The roaming fraction for the para levels is ~30%, while for the ortho levels 

it is ~20% apart from the anomalous 303 level. That level yields the highest roaming fraction, 35%. 

The total roaming fraction varies by a factor of 2 between the 202 and 303 levels, a difference in 

excitation energy of only 4 cm-1. It is the large variation in the rotational distributions rather than 

the variation in a given TED that chiefly determines the overall roaming fraction for a given excited 

level. Results for the ortho levels are largely consistent with previous measurements of Lahankar 

et al. (~18%)52 and Kable and coworkers (~16%)53 but in both cases this was obtained for a single 

transition (to 221/220); the surprising variations seen here suggest that a single level measurement 

cannot give the full picture, and this is true for roaming as well as the tight TS pathway. 

Fig. 6.8  Associated total translational energy distributions for the images in Fig. 6.7 for a series 

of ortho and para excitations of 2243 (left) and 2243 (right).   



91 

 

6.4 Discussion 

Now we seek a mechanism that could give rise to these huge variations in the product state 

distributions associated with changes in parent quantum state but only small variations in total 

energy. We should state at the outset that our understanding of these complex dynamics is still 

developing.  We start by making clear that these are quantum effects. All the full-dimensional 

theoretical treatments of roaming in H2CO to-date have employed QCT methods,23,27,54,196,202,251 

and these were key in identifying the roaming mechanism in the first place.24 They have largely 

been successful at capturing the broad features of the dynamics. One such study examined the 

effect of parent rotation on formaldehyde decomposition both for the roaming and radical 

Fig. 6.9  Roaming fraction (orange) relative to the overall CO rotational distribution (purple) 

for 303 (top) and 202 (bottom) on 2143.   

18% 
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channels. They found moderate suppression of the roaming fraction at threshold (from 18% for 

total J = 0 to 16% for J = 30) and this became a modest enhancement at higher excitation 

energies.252 However, nothing resembling the dramatic effects we see here were reported, nor have 

our collaborators Guo and Xie seen them in QCT investigations of the effect of parent rotation. 

They have also used QCT to explore the effect of the initial geometry on S0 accessed by internal 

conversion, comparing bend excited to planar geometries. No differences were seen, and this is 

also consistent with previous reports.170,251,253  

As classical treatments are unable to capture the effects we observe, we turn to considering 

the quantum properties of the dynamics. For this system at the energies considered here, a full 

dimensional quantum treatment is currently out of reach, so we will seek a qualitative picture to 

account for these observations. There are several possibilities, and it is likely that all play a role to 

some extent. These involve processes that depend on the symmetry of the initially prepared 

rotational level, Coriolis coupling following internal conversion, nearby coincidental resonances 

accessed following internal conversion, and differential loss to the radical channel that varies with 

rotational state.  

To this end we first consider the symmetry of the initially prepared state in S1, its coupling 

to S0, and how this can impact the subsequent dynamics in S0. Ergodicity has long been used to 

explain the dynamics following internal conversion to S0 and estimated from Stark tuning spectra 

near the energy of the S0 saddle point.194,254 Moreover, in QCT studies, no effects associated with 

initial geometry have been seen, supporting the notion that, at these energies, the system is largely 

ergodic. Results here show clearly this is not the case: strict ergodicity is inconsistent with 

observations such as that odd para transitions lead to a larger roaming population or the consistent 

differences between νH2 tight TS pathway from odd and even para transitions. When studying the 
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effect of 2141 parent rotational state on fragment anisotropy, Butenhoff and coworkers observed 

what appeared to be random variations in anisotropy, with β varying from 0 to 0.5 for a range of J 

= 0 to 4 para transitions.203 They also observed fluctuations in maximum jCO and fluorescence 

lifetimes when different parent rotations were prepared.204 The results were attributed to the 

chaotic nature of the vibrational wavefunction projecting on the TS, with the configuration of the 

molecule at the moment of dissociation directly affecting the vibrational excitation of the H2 

fragment and the rotational distribution of the CO fragment. These experiments were below the 

roaming threshold, though some experiments performed above threshold have observed para 

transitions enhance roaming, with QCT was not able to match the experimental result.202  

Now we consider the effects of Coriolis interactions in the dynamics on S0. The relevant 

symmetry considerations are summarized in the diagram in Fig. 6.10, which is framed in terms of 

the symmetry of the zero-order normal mode vibrations. These are mixed by Coriolis 

interactions,255 i.e., vibration-rotation coupling, an effect that plays a significant role in 

intramolecular vibrational energy redistribution.256,257 This coupling preserves the overall 

rovibrational symmetry but destroys the “goodness” of the Ka and Kc quantum numbers and 

changes the vibrational character of the wavefunction. Absorption to the non-planar S1 state from 

the vibrational ground state of H2CO is nominally forbidden but vibronically allowed for odd 

values of out-of-plane bend (ν4, b1 symmetry) or asymmetric in-plane bends (ν5 and ν6, b2 

symmetry). S1 has a2 electronic symmetry, while the ground state and the molecular products are 

a1. Internal conversion back to S0 thus involves a change in electronic character from a2 to a1, and 

this is compensated by odd changes in b1 and b2 symmetry vibrations to preserve the total vibronic 

symmetry. The rotational states established in the photoexcitation are not changed in the internal 

conversion, so we have labeled these and discuss them according to the states as they are prepared 
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in S1. The “good quantum numbers,” those that are conserved regardless of the decay pathway, 

include total J, its space-fixed projection, MJ, and total parity.  

There are four rotational symmetry species that vary as the values of Ka and Kc are even or 

odd, and four vibrational symmetries possible reflecting the four symmetry species of the G4 

molecular symmetry group of the molecule, which is isomorphic to C2v (Fig. 6.10). The total 

internal symmetry of formaldehyde is either B1 or B2, odd or even total parity, respectively. These 

together then give four zero-order symmetry “blocks” as shown in Fig. 6.10, of odd or even total 

Fig. 6.10  Symmetry coupling “blocks” describing how an initially prepared state on S1 couples 

to S0. 
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parity and ortho or para nuclear spin, but with different vibrational symmetry. Although the total 

rovibrational symmetry and parity will be maintained on S0, Coriolis coupling will mix these zero-

order levels. These effects in formaldehyde have been studied in detail by Field and coworkers at 

lower excitation energies and including higher values of J and Ka than considered here,255 but their 

discussions are relevant for the present observations. The internal conversion populates an initial 

state of b2 vibrational symmetry (even ν4, odd, ν5 or ν6); a-axis Coriolis coupling can give b1 

vibrational symmetry, b-axis gives a2 vibrational symmetry (odd ν4 and ν5 or ν6), and c-axis gives 

a1 vibrational symmetry. At these high vibrational energies, the density of states is very high and 

Coriolis coupling among higher rotational levels is effectively complete. However, for lower 

rotational levels selection rules can limit or eliminate such coupling. For J = 0, clearly there is no 

Coriolis interaction. The approximate selection rules are that a-axis coupling is proportional to Ka, 

and b- or c-axis coupling is proportional to J-Ka.. 

For Ka = 0, i.e., all the ortho levels considered here, there is thus no a-axis coupling. This 

means there is no coupling to zero-order vibrational levels that are odd b1 (out-of-plane) character. 

However, b-axis coupling is permitted for these levels and will populate levels of a2 (b1+b2) 

symmetry. One clear difference between these lowest ortho levels and the para levels is thus the 

absence of a-axis Coriolis coupling for the former, and the more limited or vanishing b- and c-axis 

coupling for the respective odd and even total parities of the latter. For the para levels, odd b1 

vibrational character indicates a node in the plane and thus less pure planarity, suggesting reduced 

tight TS dissociation events and enhanced roaming, as the tight TS is planar and roaming is known 

to be favored by non-planar trajectories.30,52,195 The ortho levels have complementary behavior. 

Although this qualitatively accounts for the effects we observe for the para levels, it is not 
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consistent with the very large roaming yield on 303, and the fact that the other commonly studied 

Ka=2 ortho levels show little roaming resembling the other ortho levels aside from 303.   

The dynamics following excitation to 303 can be explained by resonant coupling of the 

parent H2CO state to H + HCO (111/110). The 303 level (Fig. 6.11, left) is within 5 cm-1 of H+HCO, 

111/110 (Fig. 6.11, right), while all other ortho levels are not within 10 cm-1 of such a resonant 

coupling.233 These levels can be brought into resonance in the roaming region, permitting a-axis 

Coriolis interaction through a decoupling of the body-fixed and space-fixed frames, which 

promotes out-of-plane motion, and is favored by roaming trajectories. H + HCO (111/110) can be 

resonant with the H2CO states in the red box of Fig. 6.11 when H is in the 3 to 5 angstrom region,233 

so it greatly impacts the roaming yield and at the same time strongly modulates the tight TS 

channel. The nature of this resonance is still being understood, but it clearly has a strong effect on 

Fig. 6.11  Energy ladder of H2CO (left) and H + HCO (right) rotational states. The states involved 

in a resonance are indicated by the red box. Adapted with permission from A.C. 

Terentis et al, J. Chem. Phys., 108 (8), 3187–3198 (1998) © AIP. 
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three pathways, exhibited by differences in the rotational distributions. Roaming is effectively a 

cold collision of a hot molecule, and the dynamics here resemble that of orbiting collisions. 

Orbiting resonances have been manifested in different ways,258 one study saw broadening of 

rotational linewidths from van der Waals predissociation.259 Roaming in formaldehyde is more 

complicated, where it is an H atom scattering off an asymmetric top. In Fig. 6.12 we plot the 

roaming fraction against the energy of each level relative to the 2143 origin. Evidence of a 

resonance can clearly be seen near the para transitions, marked by blue diamonds, and the single 

303 ortho transition in this window. The region of this resonance is indicated in the blue box of Fig. 

6.12, and the oscillating structure of the accompanying CO rotational distributions from these 

excitations are also included. It may well be that that H + HCO (111/110) leads to greatly enhanced 

Fig. 6.12  Relative energy vs roaming fractions for ortho (red circles) and para transitions (blue 

diamonds). The region where a resonance between H2CO and H + HCO states is 

observed is indicated by the blue box, with associated CO rotational distributions. Other 

ortho transitions (green box) and associated CO rotational distributions are also 

included.   
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a-axis Coriolis coupling into b1 symmetry, orbiting of the H atom around the a-axis and enhanced 

roaming. Furthermore, whether the out-of-plane motion travels in two directions around HCO and 

how it affects the roaming yield must be determined. While we present Coriolis coupling as a 

possible contributing factor to parent rotational state-dependent dynamics, the orbiting resonance 

clearly dominates any underlying dynamics or resonances. Considering the translational energy 

Fig. 6.13  Total translational energy distributions for jCO = 23 and 28 for excitations near the 

identified resonance.    



99 

 

distributions again, we note 303 shows similar structure to the J = 1 para transitions (Fig. 6.13), and 

the resonance is likely strongest in between energies of these states.   

 To explore possible distinct dynamics associated with planar vs. non-planar pathways, we 

compared in-plane restricted and normal dissociation events via QCT and the results are given in 

Fig. 6.14. In-plane restricted trajectories showed a decrease in the roaming population, indicating 

that if formaldehyde were dynamically restricted to an in-plane geometry, the roaming population 

would be reduced, and more high jCO levels would be populated. Conversely, if in-plane 

trajectories were excluded, roaming would be enhanced and the tight TS pathway would be 

reduced, supporting that the pathways are interconnected. Though Harding and coworkers believed 

that the pathways are dynamically distinct, another barrierless pathway between the roaming 

saddle point and tight TS has been suggested.260 We performed a 3D quantum mechanical model 

using the coordinates R, θ, and φ, where R is the distance between the roaming H atom and the 

HCO center of mass, θ is the dihedral angle, and φ is the out-of-plane angle. HCO was fixed at its 

equilibrium geometry, and the energy was at 33082 cm-1, which is 5 cm-1 below the H + HCO 

asymptote on the PES. With θ = 78°, the wavefunction extends out-of-plane across many 

configurations, including regions where roaming saddle point and tight TS structures can be 

accessed (Fig. 6.15).  

Fig. 6.14  In-plane restricted (red) vs. normal (blue) trajectory results.    
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Rotational state distributions are usually smooth and highly inverted. They are often 

explained as a one-to-one mapping of the transition-state bending wavefunction onto product 

rotation. This mapping of the bound wavefunction on product rotational distributions is known as 

the well-established rotational reflection principle.231 The rotational reflection principle is a 

general description, and it is too simple to account for all observations. Butenhoff and coworkers 

concluded in quantum state-correlated experiments that the anisotropy of the potential felt by the 

CO is much larger than that felt by the H2 and the coupling of parent zero-point vibrational motions 

at the transition state to the product angular momentum accounts for the observed product 

Fig. 6.15  Wavefunction near the radical threshold shown for dihedral angle of 78°. Tight TS 

and roaming saddle point structures are marked.  
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distribution widths.261 Results from our collaborators indicate that exit channel anisotropy of the 

PES is responsible for the high rotational excitation seen from the tight-TS pathway, not simply 

mapping of the bending wavefunction at the TS. Another possibility is thus that the energy is 

partitioned differently at the TS in the exit channel. If energy is sequestered in another mode, very 

different parts of the PES would be accessed en route to dissociation and would produce different 

jCO distributions. This is consistent with our observed distributions if we compare the tight-TS 

products 000 with 101, for example. The former exhibits a relatively large yield of H2 ν = 3,4 in the 

jCO = 36 TED (Fig. 6.4). The 101 distribution has a greater yield of H2 ν = 0 to 2. The latter also 

has less of the lower component of the bimodal rotational distribution. Differential loss to the 

radical channel should also be considered to explain the observed dynamics, including the 

similarity of some jCO = 32 to 39 TEDs. Initial observations of the relative intensities of ortho and 

para using jCO = 36 and 39 REMPI detection are relatively similar while the H atom relative 

intensities are significantly different. Further investigation is needed to quantify this, with 

consideration given to the lower state energies and beam conditions. 

6.5 Conclusion 

Despite the massive library of data that has been collected on formaldehyde dynamics over 

decades, this is the first demonstration of quantum effects in. roaming. A symmetry-dependent 

coupling model that likely contributes to parent rotational-state dependent dynamics was 

presented. More importantly, resonant coupling between H2CO and H + HCO decouples the body-

fixed and space-fixed frames, resulting in enhanced roaming that we contribute to the promotion 

of out-of-plane motion by the resonance. The resonance is not fully understood, but it has the 

character of an orbiting resonance and modulates the dynamics of three different pathways. An 

initial framework to understand these effects has been built, but much remains to be done. 
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Investigation of systems with strong demonstrated Coriolis coupling such as ozone262 or Cl2O2
263 

may be fruitful. A more complicated system with active questions regarding roaming 

fractions,65,264-267 acetaldehyde, may benefit from studying the molecule through the lens of the 

work presented here.  

Because there was variation in TEDs from the tight TS pathways, the 2141 vibrational band 

must be investigated, where CO and H2 can only be formed via the tight TS. Imaging of jCO can 

only help to confirm and clarify the dynamics. Similarly, ortho transitions must be further analyzed 

on all vibrational bands. Different J excitations resulted in very different dynamics. Only J = 1 and 

2 para transitions were studied, and investigation of J = 3 is necessary to determine any effects that 

may be occurring with increased rotational energy of para levels.  

The massive dataset presented helped clarify the dynamics, but also brought questions to 

light that need to be answered. For example, when adding linear combinations of 000 and 101 TEDs, 

not presented here, they almost exactly match that of 202. There seems to suggest clusters of similar 

underlying resonances are involved, likely involving the H-H stretching mode. We find other 

combinations of these TEDs together closely match, perhaps showing where interferences among 

a few underlying resonances are present. The picture of formaldehyde dynamics is not nearly 

resolved. A statement by Polanyi in the publication summarizing his Nobel lecture11 rings true, 

“The great epics of reaction dynamics remain to be written.” 
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APPENDIX A 

Table S1: 

Ground state of C3H3Cl ( 𝐴′1 ) optimized at the CCSD(T)/aug(Cl)-cc-pVTZ level 

 

 

ENERGY = -575.56728562 Ha 

ZPE = 0.04716543 Ha 

 

 

CARTESIAN COORDINATES 

 

C  0.4367844380  0.0000000000  -2.3874194829 

C  -0.1520975865  0.0000000000  -1.3297318213 

C  -0.8768894695  0.0000000000  -0.0646301285 

H  0.9580751769  0.0000000000  -3.3142810597 

H  -1.4973763398  -0.8882609783  0.0313868647 

H  -1.4973763398  0.8882609783  0.0313868647 

Cl  0.2484590578  0.0000000000  1.3460919985 

 

 

HARMONIC VIBRATIONAL FREQUENCIES 

 

Mode  Wavenumber 

ν15  170.84 

ν14  301.29 

ν13  450.97 

ν12  629.72 

ν11  651.08 

ν10  732.85 

ν9  925.37 

ν8  967.08 

ν7  1204.77 

ν6  1295.56 

ν5  1482.75 

ν4  2177.33 

ν3  3097.40 

ν2  3151.86 

ν1  3464.36 
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Table S2: 

Triplet state of C3H3Cl ( 𝐴3 ) optimized at the CCSD(T)/aug(Cl)-cc-pVTZ level 

 

 

ENERGY = -575.41942349 Ha 

ZPE = 0.04520042 Ha 

 

 

CARTESIAN COORDINATES 

 

C  -2.3684697260  -0.2858934013  -0.2622056316 

C  -1.2545559590  -0.0353974356  0.4424412724 

C  -0.0675225017  0.7232010646  0.0168929165 

H  -3.2879363268  -0.8114955612  -0.0467411998 

H  0.1635803920  1.5502375651  0.6854440770 

H  -0.2489357151  1.1127077726  -0.9940194932 

Cl  1.4084768366  -0.3067020041  -0.0662769413 

 

 

HARMONIC VIBRATIONAL FREQUENCIES 

 

Mode  Wavenumber 

ν15  121.77 

ν14  303.47 

ν13  367.11 

ν12  633.14 

ν11  744.94 

ν10  848.76 

ν9  909.52 

ν8  1081.01 

ν7  1163.71 

ν6  1267.70 

ν5  1436.15 

ν4  1627.73 

ν3  2992.13 

ν2  3125.09 

ν1  3218.48 
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Table S3: 

Triplet minimum depicted in Figure 3.8 

Structure optimized at the SA3-CASSCF(12/10)/6-311+G* level by averaging 3 states 

of 𝐴′′3  symmetry. Geometry optimization performed on the second state (2 𝐴′′3 ) 

 

CARTESIAN COORDINATES 

C  -2.5726863851  -0.2750602787  0.0000000000 

C  -1.4071124980  0.3681859360  0.0000000000 

C  -0.1554475076  0.9403644055  0.0000000000 

H  -2.7229817860  -1.3405000015  0.0000000000 

H  0.1194439651  1.4533595487  0.9041760805 

H  0.1194439651  1.4533595487  -0.9041760805 

Cl  1.4835392466  -0.5937261587  0.0000000000 

 

HARMONIC VIBRATIONAL FREQUENCIES 

Mode  Wavenumber 

ν15  107.75 

ν14  201.58 

ν13  337.68 

ν12  690.16 

ν11  704.98 

ν10  904.38 

ν9  906.28 

ν8  1092.05 

ν7  1143.11 

ν6  1436.41 

ν5  1604.73 

ν4  3318.14 

ν3  3345.11 

ν2  3404.60 

ν1  3591.04 

 

Single-point energies calculated at the SA12-CASSCF(10/11)/aug(Cl)-cc-pVTZ level 

E (X 𝐴′1 ) = -574.88799992 Ha 

E (1 𝐴′1 ) = -574.75772884 Ha 

E (2 𝐴′1 ) = -574.70259682 Ha 

E (1 𝐴′′1 ) = -574.76948111 Ha 

E (2 𝐴′′1 ) = -574.73499153 Ha 

E (3 𝐴′′1 ) = -574.67084574 Ha 

E (1 𝐴′3 ) = -574.80520730 Ha 

E (2 𝐴′3 ) = -574.76441731 Ha 

E (3 𝐴′3 ) = -574.72693181 Ha 

E (1 𝐴′′3 ) = -574.77697624 Ha 

E (2 𝐴′′3 ) = -574.75962547 Ha (energy depicted by an asterisk in Fig. 3.8) 

E (3 𝐴′′3 ) = -574.67301351 Ha 
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APPENDIX B 

Two dissociation pathways for propargyl chloride through which it is dissociated to linear C3H2 

and HCl. Our calculations show a third reaction pathway with higher barrier energy in which cyclic 

C3H2 is produced. The geometry of structures of transition states were confirmed by intrinsic 

reaction coordinate (IRC) calculations. The optimized geometry of reactant, transition states and 

products with these two levels of theory as well as IRC pathway of the roaming transition state are 

given below: 

Pathway 1: 

 

 
 

 

Z-matrix:    

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -1.10675600    0.69537000    0.00000100                                                   

H                  2.30229500    3.06458200   -0.89525300                            

H                  2.30244100    3.06453100    0.89483100                        

C                 -0.15911100    1.19280200   -0.00006300 

C                  0.91105500    1.75360800   -0.00013500 

C                  2.19074300    2.44408100   -0.00022000 

Cl                 3.58198300    1.28361600   -0.00036600 

 

CBS-QB3: 

 

H                 -3.26549500   -0.89171800    0.00024100 

H                  0.13799600    1.45170600   -0.88870800 

H                  0.13814100    1.45165500    0.88876800 

C                 -2.32341200   -0.40018300    0.00017800 

C                 -1.25506400    0.14685000    0.00010700 

C                  0.01710900    0.83366200    0.00002200 

Cl                 1.43279800   -0.32315400   -0.00012600 

 

 

 

 

 

 

reactant 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -0.49341600   -0.35552000   -0.57299600 

H                  1.32994300    1.50891500   -1.05681900 

H                  1.42681300    1.81380800    0.70611000 

C                 -1.16235100    0.25778300    0.78567300 

C                 -0.05785800    0.41954100    0.14549200 

C                  1.25985500    1.05621700   -0.06403500 

Cl                 2.61060600   -0.13740000    0.05536900 

 

CBS-QB3: 

 

H                  1.59833500   -0.50873800    1.09464500 

H                 -0.09924200    1.49734100    0.80650900 

H                  0.04831000    1.33221500   -0.95893900 

C                  2.43406700   -0.43654900   -0.21305300 

C                  1.29942100    0.04041300    0.12709500 

C                  0.04652700    0.79701000   -0.01250300 

Cl                -1.42514700   -0.27800400   -0.02067300 

  

Transition state1 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -1.47886600    0.89556200    0.01832900 

H                  0.90022800    1.70365100    0.70735900 

H                  0.49543800    1.36839100    2.41917200 

C                 -2.11657100    1.47172400    1.83716000 

C                 -1.14074500    1.13404300    1.03747300 

C                  0.31665200    1.07101600    1.38256000 

Cl                 0.95946400   -0.60666400    1.19376200 

 

CBS-QB3: 

 

H                  1.35452200   -0.59775700    1.33066600 

H                 -0.04408600    1.50768300    0.76453500 

H                  0.23143900    1.20735500   -0.96770400 

C                  2.33843300   -0.33230200   -0.39873500 

C                  1.30174900   -0.10798100    0.35359400 

C                  0.11823600    0.74307900    0.00802900 

Cl                -1.41719900   -0.23141500   -0.05322500 

 

 

 

  

Product 1 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                  0.37675000    1.95772200    0.47580800 

H                  1.82832100    3.92831500   -0.47327700 

H                  1.78280200    3.97736400    1.38061700 

C                 -1.26715300    2.96945700    0.40378400 

C                 -0.08419500    3.42442200    0.42142500 

C                  1.29710600    3.67884900    0.44844200 

Cl                 1.81272700    1.52027300    0.52087000  

 

CBS-QB3: 

 

H                  0.24622600   -0.72641700    0.45444700 

H                  0.03349400    1.60611300    0.66064200 

H                  1.28374600    1.89936200   -0.69242200 

C                  2.09524600   -1.02137300   -0.08217800 

C                  1.21217100   -0.08609200    0.11330700 

C                  0.79654300    1.22009600    0.00178900 

Cl                -1.54042500   -0.20322600   -0.03648100  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition state2 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                  3.10388900    1.82355900   -0.14473200   

H                  1.82457000    3.15317800    0.18162300 

C                  0.27059000    0.19129000    0.18712800 

C                  1.12701700    1.15535600    0.12676500 

C                  2.06229300    2.09457700    0.05126700 

H                  2.17748600   -1.10667000   -0.23982900 

Cl                 3.39580400   -1.50792400   -0.48038500 

 

CBS-QB3: 

 

H                 -0.91404800    1.52938600   -0.92541900 

H                 -0.91331600    1.52889300    0.92538400 

C                 -2.79045800   -1.03847400    0.00002100 

C                 -2.04769600    0.00844600    0.00002200 

C                 -1.25694700    1.07051000   -0.00000300 

H                  1.58630800   -1.26568700   -0.00055900 

Cl                 2.16539200   -0.11973400    0.00002100  

 

  

Complex 

 



111 

 

 

Pathway 2: 

 
 

 

Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -4.27598500    0.84154600   -0.83078000 

H                 -2.24304300    2.70854200    0.38087300 

H                 -3.57298700    2.44849900    1.68777300 

C                 -4.61281700    1.97933700    1.09616200 

C                 -4.02201000    1.40736400    0.05294600 

C                 -2.83351300    1.86156100    0.73671200 

Cl                -1.78946600    0.67933900    1.58049900 

 

CBS-QB3: 

 

H                 -1.70010500    1.62735200   -0.22351700 

H                 -0.21015900   -0.14616900    1.65885400 

H                 -0.77771900   -1.23802300    0.24962400 

C                 -1.74437100   -0.61946400   -0.38130300 

C                 -1.38406400    0.61369000   -0.06448900 

C                 -0.28342600   -0.06785700    0.57846600 

Cl                 1.36230300    0.01168400   -0.14594100  

 

 

 

 

 

 

 

 

 

 

 

 

Transition state 2 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                  1.85869000   -1.59642600   -0.49060700 

H                  0.22925200    0.00000300    1.66331500 

H                  1.85874700    1.59639500   -0.49062300 

C                  1.43553500    0.65476700   -0.16066600 

C                  1.43554200   -0.65476500   -0.16066800 

C                  0.34002700    0.00000000    0.57768700 

Cl                -1.36548900    0.00000100   -0.13060000 

 

CBS-QB3: 

 

H                  1.85233900   -1.58675500   -0.48545400 

H                  0.23098700    0.00000700    1.65374500 

H                  1.85243000    1.58669400   -0.48551000 

C                  1.43266500    0.65027900   -0.16058300 

C                  1.43267500   -0.65028100   -0.16057700 

C                  0.34018400    0.00001100    0.57514700 

Cl                -1.36287700    0.00000000   -0.12980600 

 

 

 

 

 

 

 

 

 

 

 

 

Product 2 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -2.54715400   -0.86054800    0.33458300 

H                  1.92848700   -0.49885500    2.25159200 

H                 -2.75611200    0.55901900    3.13212200 

C                 -2.12702500    0.03604900    2.42112400 

C                 -2.03908000   -0.56120500    1.24395900 

C                 -0.80518400   -0.45452500    2.02538300 

Cl                 0.45464400   -1.31978700    2.55834000 

 

CBS-QB3: 

 

H                  2.08527400   -1.56847400   -0.17933600 

H                 -2.34421800    0.00000000    1.24650000 

H                  2.08527500    1.56847400   -0.17933500 

C                  1.52945900    0.65811100   -0.02582400 

C                  1.52945900   -0.65811100   -0.02582400 

C                  0.28286800    0.00000000    0.36101400 

Cl                -1.28688500    0.00000000   -0.16141300  

 

 

  

Transition state 3 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

C                 -0.66501000   -0.31962400   -0.00000100 

C                  0.66501000   -0.31962400    0.00000300  

C                  0.00000000    0.93885000   -0.00000400 

H                 -1.60452800   -0.86385300   -0.00000100 

H                  1.60452800   -0.86385300    0.00000800 

 

CBS-QB3: 

 

C                 -0.66131300   -0.32400600   -0.00000100 

C                  0.66131300   -0.32400600    0.00000300 

C                  0.00000000    0.93579800   -0.00000400 

H                 -1.59649300   -0.86335700   -0.00000100 

H                  1.59649300   -0.86335700    0.00000800 

 

  

Cyclic C3H2 
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Pathway 3: 

 
                        

 

 

Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                  1.40735400   -0.02910800   -0.03186000 

H                  5.09517000    1.15161800   -0.99786100 

H                  5.12151700    1.12259200    0.86542300 

C                  2.47811400    0.08424200   -0.04526400 

C                  3.70606300   -0.20038300   -0.06720500 

C                  4.63915800    0.81679200   -0.06457500 

Cl                 2.81427700    2.41978600   -0.01380600 

 

CBS-QB3: 

 

H                  0.59972900    2.31456000    0.00000000 

H                  1.02663200   -1.68737400    0.92923800 

H                  1.02663300   -1.68737400   -0.92923800 

C                  0.87148000    1.28348500    0.00000000 

C                  1.43172000    0.18092400    0.00000000 

C                  1.09649200   -1.13256500    0.00000000 

Cl                -1.35595000   -0.05475700    0.00000000 

 

 

 

 

 

 

 

 

Transition state 1 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz        

                                                                                 

H                 -0.51881100   -0.98888200   -0.00099000 

H                  3.33130500   -1.38711200   -0.99640200 

H                  3.35726500   -1.41727400    0.87337800 

C                  0.35300400   -0.33839800   -0.00261000 

C                  1.58534300   -0.76879400   -0.02683400 

C                  2.81545400   -1.21234800   -0.05110700 

Cl                -0.03999600    1.37062900    0.03051000 

 

CBS-QB3: 

 

H                 -0.25785000    1.78081200    0.00042000 

H                  2.85294000   -0.52831300    0.92747700 

H                  2.85333100   -0.52733000   -0.92750600 

C                 -0.05647000    0.71864200    0.00000600 

C                  1.13303700    0.19814100    0.00000500 

C                  2.33243200   -0.30767800   -0.00000700 

Cl                -1.52367200   -0.25763500   -0.00002400 

 

 

 

 

  

Allene chloride 
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Z-matrix: 

 

DFT-WB97xD/cc-pvDz                                                                                        

 

H                 -1.29895500   -3.04765600   -0.17010800 

H                  2.91524500   -1.51757300   -0.76720200 

H                  2.88257300   -1.85515700    1.07345100 

C                  0.14310100   -3.21138000   -0.17500300 

C                  1.22603300   -2.54833000   -0.03459100 

C                  2.40030100   -1.94403300    0.09701200 

Cl                -2.44715400   -2.19938600   -0.03443000 

 

CBS-QB3: 

 

H                  0.99611800    0.53172100   -0.00000200 

H                 -3.44069600   -0.59030200   -0.92835000 

H                 -3.44070400   -0.59027700    0.92835400 

C                 -0.58293300    0.76290800   -0.00000300 

C                 -1.71486400    0.18351700   -0.00000100 

C                 -2.92338500   -0.35778500    0.00000100 

Cl                 2.18896300   -0.16958700    0.00000100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition state 2 
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IRC pathway (for roaming transition state): 
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APPENDIX C 

DC slice images for the different transitions used to exited formaldehyde are included here, 

with the rotational line indicated at the top of the page. The jCO imaged is also indicated.   
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APPENDIX D 

Translational energy distributions of jCO DC slice images for the different transitions used 

to exited formaldehyde are included here, with the rotational line indicated at the top of the page.  
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PHOFEX spectrum showing range of energy investigated.  

2141 PHOFEX spectrum. 
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