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Chapter 1

Introduction

1.1 Introduction

At the beginning of the twentieth century, the development of the field of chemical

kinetics and the knowledge of thermodynamics revealed that chemical changes occur through

a complex network of elementary reactions. Attempts to unveil these elementary reactions

began a revolutionary new approach, giving birth to the field of chemical dynamics. At

the beginning, efforts were made to identify the reaction rates in the individual underlying

processes i.e. isolation of the elementary reactions were carried out. These investigations

emphasized the importance of the gas-phase studies since they provide the ability to elucidate

the reactions involving one (unimolecular reactions) or two (bimolecular reactions) molecules,

generally the primary reactive events.

Studies of chemical dynamics establishes the foundation for understanding the complex

and extreme reactive environments such as the atmosphere of the earth and the other plan-

ets, interstellar clouds and combustion processes. Such studies required advanced laboratory

techniques to isolate the reactants, products or the intermediate radicals generated during

the chemical processes. As a result, the techniques span from the early flash photolysis ex-

periments to the development of molecular beams to the advanced laser sources ranging from

nanoseconds to ultrfast pulses and beyond. These developments elucidate the experimentally

determined parameters with the theoretically obtained values of the molecular decay via the
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major assumptions made by Rice, Ramsperger and Kessel (RRK theory) in late 1920s. Si-

multaneous developments in the computational field opened the door to explore the potential

energy surfaces which is considered central to our view of interatomic interactions.

The field of chemical dynamics has aforementioned broad practical benefits but the in-

dividual results do not always accurately reveal our motivations or the primary goals of the

research. Therefore, the purpose of basic research is not to produce results for the immediate

use but to develop the fundation of the many areas of sciences for further developments.

In this dissertation we focus on understanding unimolecular reaction dynamics using

state-resolved slice imaging approach. This powerful technique allows probing both the re-

actants’ and products’ individual quantum states and determining the energy, orientation or

the alignment of the products. Further aspects include identifying new channels and mech-

anisms created during the photochemical events and product branching ratios. Examples

included here are the studies done on acetone and nitrobenzene photodissociation, to search

for new mechanisms created during the photodissociation. These are related to the roam-

ing dynamics reported recently[1, 2] in formaldehyde photodissociation. Furthermore, the

photodissociation dynamics studies of tetrachloroethylene and nitric acid will be reported.

As will be seen, the power of the slice imaging technique applied here can give data on the

correlations among these quantities for both products in a dissociation event, yielding un-

precedented insight.The following two sections of the introduction include a brief overview

of the roaming mechanism, a key aspect of the results presented in chapters 3 and 4, and the

issue of angular momentum polarization in photodissociation, which is a vector correlation

readily measured using the ion imaging technique, and a key aspect of the nitric acid results

reported in chapter 6.

1.2 Introduction to Roaming Dynamics

The dissociation of a highly vibrationally excited molecule is a violent event; atoms

thrash about, energy flows here and there, and in some sense, it is over very quickly, perhaps
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nanoseconds for a medium sized molecule in a combustion environment. However, in another

sense, when measured by the number of vibrational periods of the bond that finally breaks, it

is a remarkably slow process. For a vibrational period of tens of femtoseconds, for example,

this nanosecond lifetime represents on the order of a million oscillations. From this point of

view, we might well ask why it should take so long. The simple answer is that enough energy

must accumulate in one bond to break it. To determine the dissociation rate, statistical

theories in effect simply count the number of ways that the energy may be partitioned in

a bond in excess of the energy needed to break it and divide this by the total number of

ways the energy may be distributed in the molecule. For a polyatomic molecule with its 3N

- 6 vibrational degrees of freedom, there is an enormous density of states at these energies;

therefore, it is very unlikely for all of the energy to happen to appear in a single bond at

one time. It is far more likely that only a few vibrational quanta will be found in any

one mode at any one time, and such conditions thus arise much more often. Similarly, one

can readily imagine it more likely that a given vibrational mode will possess almost enough

energy to dissociate rather than more than enough energy to dissociate. What happens in

this case? If the energy is very close to the dissociation limit (we will see that it must be

within a few hundred cm−1), the bond can very nearly break, and the fragments separate to

very long range. Of course, they may promptly fall back together, and the energy that had

accumulated in the reaction coordinate may again be shared with the other modes for more

thrashing about. However, there is another possibility. As the incipient fragments move out

to long range, they will find themselves in a very flat region of the intermolecular potential

and with vanishing kinetic energy. There, these radical fragments may be subject to subtle

influences of the potential and begin to wander around. They may escape the forces drawing

them back into the well, instead exploring remote regions of the potential surface, perhaps

eventually finding a second attractive and highly reactive domain. Reaction may then occur

leading to unanticipated chemical products and surprising internal energy distributions. We

refer to this phenomenon as roaming, .
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Although the evidence that we will present in what follows has emerged clearly only

after much experimental and theoretical effort, simple reflection on the points presented

above are enough to suggest that this phenomenon could make a significant contribution

to product branching in unimolecular dissociation, and it might well be nearly universal.

This subject has been reviewed in some detail recently;[2–4] therefore, our goal here will be

to sketch a picture of roaming on this intuitive foundation, emphasizing the experimental

results and pointing to some future direction for investigation. Although there had been

some suggestion of such behavior in a variety of systems over the years,[5, 6] the first clear

demonstration of roaming and identification of the underlying dynamics were reported in a

series of combined theoretical and experimental studies[1, 7–10] of formaldehyde dissociation.

Because this system so clearly illustrates the phenomenon, we will devote some attention to

the formaldehyde results before turning to the broader evidence and implications of roaming.

This intriguing phenomenon was first ascribed theoretically and experimentally using

formaldehyde dissociation by the Suits group in collaboration with the Bowman group at

Emory. The photodissociation of formaldehyde occurs mainly in three pathways.

H2CO → H2 + CO (channel 1) (1.1)

H2CO → H +HCO (channel 2) (1.2)

H2CO → [H −−HCO]→ H2 + CO (channel 3) (1.3)

A schematic representation of the energy level diagram of the formaldehyde photodisso-

ciation is illustrated in fig 1.1

The closed shell molecular products are formed via a high energy barrier on the ground

state. At somewhat higher energies the decomposition occurs producing H + HCO, radical

products; on the triplet surface, at still higher energies, the radical dissociation occurs via

a small barrier. In all that is considered here, dissociation occurs on the ground state at

energies below the triplet barrier, following internal conversion from the initially prepared
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Figure 1.1: Schematic potential energy curves for the formaldehyde photodissociation

S1.

A 1993 study from the Moore group at Berkeley showed evidence for a second molecular

channel in the dissociation of formaldehyde. Their CO rotational distributions showed large

excitation as the repulsive potential energy from the barrier shown in Figure 1.1 was effi-

ciently converted to rotational excitation and translation. However, distributions obtained

for dissociation above the energy of the radical channel showed, in addition, a pathway

producing CO with very little rotational excitation. This was rather surprising;one set of

products, CO and H2, seemed to be influenced by the opening of another channel leading to

radical products. Moore and co-workers believed that this bimodal rotational distribution

was most likely related to interaction between the radical and molecular dissociation path-

ways, but they also considered an alternative explanation involving extreme anharmonicity

of the transition state (TS) leading to dissociation from distinct geometries. We will return

to these two alternative views below. Ion imaging results [1, 10] obtained a decade later

in our group, reproduced in Figure 1.2, provided something not available to Moore and

co-workers, state-correlated product distributions.
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Figure 1.2: DC slice image CO (ν= 0, j= 28 for dissociation of H2CO (left and the transla-
tional energy distributions (right) obtained from the image. The markers indicate correlated
H2 vibrational levels for J H2 =5 (for ν= 5-7). The blue line is the result of QCT calculations.
Adapted from D. Townsend et al , Sci, , 306, 1158 (2004) c© AAAS

High-resolution velocity map images for specific CO quantum states give the correspond-

ing internal state distribution for the H2 partner by virtue of energy and momentum con-

servation. It became clear from the imaging results shown in Figure 1.2 that the anomalous

low rotational levels highlighted in Moore’s paper are associated with the production of

very high vibrational levels of H2. This surprising combination could not plausibly arise

from dissociation via the normal TS geometry; therefore, an alternative pathway was clearly

needed.

The definitive answer came from quasi-classical trajectory (QCT)calculations from the

Bowman group at Emory that were obtained on a newly developed, high-quality ab initio

potential energy surface[11] for H2CO. Their calculations, performed under conditions chosen

to mimic the experiment, gave bimodal distributions in good agreement with the imaging

results. Furthermore, the trajectory calculations provided the ability to make movies of

the reaction, slowed down by a factor of 1010[9] or so. These trajectory animations clearly

revealed the nature of the dynamics underlying the distinct sets of products; reactions that

produced rotationally excited CO and vibrationally cold H2 all followed the normal dissoci-
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ation path and at some point passed through a geometry closely resembling that of the TS

structure shown in Figure 1.1. In contrast, trajectories giving highly vibrationally excited

H2 followed a very different path, never visiting that geometry. Instead, one of the hydrogen

atoms always ventured out 3.5 or 4 Å from the HCO fragment and then slowly roamed over

the plane of the HCO, eventually finding the other H atom for reaction. Figure 1.3 shows

such a roaming trajectory contrasted with a normal over-the-barrier trajectory in remarkable

visualizations by F. Suits at IBM, based on the Bowman group QCT calculations [9].

Figure 1.3: (Left) Visualizations of selected trajectories. Only H atom motions are shown,
with the CO moiety omitted for clarity. The instantaneous speed is encoded in color (A)
non roaming event; (B,C) roaming events (Right) Plots of C-H distances (black, blue) and
the total potential energy (red) for each trajectory on the left. Adapted with the permission
from S.A. Lahankar et al, Chem. Phys., 347, 288(2008) c©Elsevier

This roaming may be viewed as a frustrated radical dissociation that leads, instead, to an

intramolecular abstraction, just as we had envisioned in the introductory paragraphs above.

Production of highly vibrationally excited H2 and rotationally cold CO can be seen as a

natural consequence of the extremely exoergic H + HCO reaction; therefore, the distinct
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product state distributions for the formaldehyde roaming events are easy to understand in

this light. For such an early barrier reaction, we expect the new bond to be highly excited

and the old bond to behave as a spectator. Indeed, Bowman and co-workers have shown in

trajectory calculations on the reaction of H with HCO that one component of the product

distribution gives H2 in vibrational levels of [1, 12] along with CO in low rotational levels,

exactly analogous to the roaming products of H2CO dissociation [13].

These initial formaldehyde results provided insight into the dynamics underlying the dis-

tinct product distributions but raised many questions as well. Is roaming simply a threshold

phenomenon, and if not, what is its energy dependence? Is this behavior restricted to

formaldehyde, or is it more general? Is it exclusively a H atom phenomenon, or may other

species be involved in roaming? What are the implications of this for transition-state theory

(TST), on which we base much of our theoretical understanding of chemical reactions? And

what might be the practical implications of roaming if indeed this is a general but overlooked

molecular decomposition mechanism?

The initial results were obtained at energies just 30-40 cm−1 above the radical threshold.

Can roaming occur below the radical threshold? One way of examining this question is to

scan the excitation laser around the radical threshold while monitoring CO products in low

rotational levels (associated with roaming) or high rotational levels (representing dissociation

over the barrier), an example of photofragment excitation (PHOFEX) spectroscopy. The

results obtained in the vicinity of the radical threshold and below are shown in Figure 1.4.

Each peak represents a transition from the ground state to the first excited state that

ultimately leads to the indicated CO quantum state that is being detected after dissociation.

No mode specificity has been observed; therefore, the nature of the excited-state preparation

is not significant. This is because decomposition takes place on the ground state long after

the initial excitation. The threshold for the radical dissociation is marked on the plot. The

top panel shows CO in j = 45, representing the normal molecular product. Peaks are seen
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Figure 1.4: (left) PHOFEX scan across the radical dissociation threshold (30329 cm−1) for
indicated CO rotational levels. The red oval shows the absence of roaming at energies 180
cm−1 below the radical threshold. (Right) Energy-dependent multichannel branching for
formaldehyde. (Right) Plots of C-H distances (black, blue) and the total potential energy
(red). Adapted with the permission from S.A. Lahankar et al, J. Chem. Phys., 126, 044314
(2007) c©AIP

corresponding to well-known metastable levels in the excited state. In the lower two panels,

we see the same region of the spectrum probed on low CO rotational levels that come from

roaming. As shown in the lower two spectra, roaming products are clearly seen as low as 90

cm−1 below the radical threshold, but by 180 cm-1 below, they are gone. The conventional

molecular channel, on the other hand, persists down to the level of the barrier, well below

the radical threshold.

Harding and co-workers[14] reported a distinct roaming transition- state region for formalde-

hyde. They refer to this as a region because it is so flat, and several of the frequencies are so

low that it is unrealistic to consider it a normal TS for the purpose of calculating rates. Nev-

ertheless, there are several noteworthy features of the saddle point that they have identified.

One is that it features the roaming H atom out of the plane of HCO, about 3.5-4 Å away.

This is quite consistent with the trajectory calculations, which also seem to pass through

this part of the potential surface before leading to the roaming abstraction. The second

key aspect of this is that the location of this saddle point is about 40 cm−1 below the rad-

ical asymptote. This is consistent, within plausible uncertainty in the calculation, with the
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PHOFEX data in Figure 1.4.

One interesting question is whether there is any connection between this saddle point and

the tight TS that leads to the normal molecular channel. Although the products seemto fol-

low one pathway or the other, are these two saddle points related? Bowman and co-workers

have recently reported[4] that one may trace a path from the roaming saddle point directly to

the molecular saddle point, and this path rises only 2.5 kcal/mol above the roaming saddle

point. This suggests that these two saddle points may indeed be connected, and both of the

explanations given in the paper by van Zee et al. are correct; that is, the second molecular

channel represents extreme anharmonicity of the TS, and at the same time, this is a conse-

quence of the opening of the radical channel. Indeed it is the anharmonicity associated with

the opening of the radical channel that is responsible for roaming. Roaming in formaldehyde

is seen to occur at energies in the immediate vicinity of the radical threshold, but does this

mean that it is strictly a threshold phenomenon? Again, PHOFEX spectra can shed light

on this point. Such spectra, obtained up to 3000 cm−1 above the radical asymptote,[9] when

analyzed and scaled using imaging data, yield the multichannel branching also shown in

Figure 1.4. As expected, the loose TS leading to radical products means that this channel

rapidly dominates once it is open, at the expense of the normal molecular channel. However,

as the roaming channel is derived from the radical channel, it shows only a weak energy

dependence, decreasing gradually with increasing energy.

The next question to address is that of generality. Are there other systems that demon-

strate roaming behavior? The answer is a resounding yes. Acetaldehyde has been studied

quite extensively in this regard, first with a report of CO Doppler profiles and vector corre-

lations from Kable and Houston [15]. This was followed by extensive theoretical and exper-

imental measurements that have consistently confirmed roaming behavior in acetaldehyde,

only disagreeing over its extent [16–19]. FTIR measurements showed very hot methane,with

up to 4 eV of internal energy, from acetaldehyde photodissociation at 308 nm. This internal

state distribution was consistent with trajectory calculations on a full dimensional poten-
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tial surface starting from the equilibrium geometry, which suggested that roaming was the

dominant decay mechanism at these energies. Shock tube measurements[20] of the H atom

yields (taken as a marker for the HCO product of the radical channel) indicated a 23%

branching to the roaming radical pathway in thermal pyrolysis of acetaldehyde at tempera-

tures of 1346-1888 K and pressures of several hundred Torr. These experimental points are

shown in Figure 1.5 , paired with reduced dimensional trajectory (RDT) calculations[21] em-

ploying a six-dimensional surface (with the radicals frozen in their equilibrium geometries).

The theoretical results underestimate the roaming yield slightly compared to the shock tube

experiment, but all studies to date confirm roaming dynamics in this system, even under

atmospheric pressure, high temperature, thermal conditions.

Figure 1.5: Points show results of shock tube measurements of H atom yield (corresponding
to the radical channel) in acetaldehyde pyrolysis by Michael and co-workers from [20]. Lines
are the result of RDT P: pressure in Torr. Adapted with the permission from L. B. Harding
et al, J. Phys. Chem. A, 114, 765 (2010) c©ACS

Many additional examples of roaming dynamics have been reported. Acetone dissociation

at 230 nm, one of our contributions to this topic, was recently found to give a significant

yield of very slow CO products in low rotational levels, ascribed to intramolecular abstraction
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by a roaming methyl group which will be described in detail later in the Results section.

A fascinating recent development was reported in a theoretical study of the ground state

decomposition of a series of alkanes, propane to neopentane, by Harding and Klippenstein

[21]. Two key findings result from this investigation, (1) roaming radical pathways exist with

barriers roughly 1 kcal/mol below the lowest bond fission asymptote in all cases, and these

lead to exoergic abstraction pathways, giving closed-shell products, and (2) the roaming

minimum energy paths may be divided into two classes; one, Woodward-Hoffmann-allowed,

involves an inversion of one of the radicals along the intrinsic reaction coordinate, while the

other, Woodward-Hoffmann-forbidden, does not. The calculations suggest that for smaller

radicals, the former case applies, while for larger systems, the greater dispersion interaction

relative to orbital phase contribution in the saddle point region relaxes this constraint. It

will be very interesting to see experimental verification of these observations. However, given

the nature of these reactions, the question arises: Just how relevant is the MEP in these

reactions, anyway? This is a point of some controversy.

We have so far discussed roaming dynamics in closed-shell systems. Can radicals exhibit

roaming dissociation dynamics? There are several recent examples worthy of note. A joint

theoretical and experimental study of allyl radicals by Chen et al.[22] reported that the H

migration channel shows a pathway dynamically similar to the roaming mechanism. Pho-

todissociation of the allyl radical was shown to have three H migration channels producing

C2H2. Two of them were classified as conventional channels, taking place at lower energies

via tight TSs. The third channel clearly involved formation of H2CC: + CH3 at much higher

energy. Although this did not take place via an intramolecular abstraction, it resembles

roaming in that it involves a distinct pathway to the same products that becomes important

at higher energy owing to a loose TS.

Another radical that shows strong evidence of a roaming decomposition pathway is ni-

trate, NO3, which is an important atmospheric intermediate [23]. This system can dissociate

to O2 + NO and O + NO2 in the visible region. However, the molecular products are
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only seen at energies below, but within 250 cm−1, of the simple bond fission threshold [24].

Above that threshold, only O + NO2 is seen. Simply on the basis of the discussion above,

this alone strongly suggests a roaming mechanism involving near dissocation to O + NO2,

followed by intramolecular abstraction leading to O2 formation. Recent imaging results from

North and co-workers[23] show that the O2 product is formed in vibrational levels up to ν =

9, entirely consistent with intramolecular abstraction at long range as in formaldehyde and

acetaldehyde. In a sense, the nitrate radical case may be seen as representative of another

class of roaming events, what we will term roaming-mediated isomerization, exemplified by

nitromethane dissociation. Nitromethane was found to give both CH3 + NO2 and CH3O +

NO in infrared multiphoton dissociation experiments [25]. The latter products were ascribed

to the isomerization CH3NO2 → CH3ONO followed by decomposition of the nitrite, and the

energy of the isomerization barrier was estimated to be 55.5 kcal/mol (∼5 kcal/mol below

the simple bond fission asymptote) based on the observed branching. However, numerous

theoretical and experimental investigations over the years failed to identify a suitable iso-

merization pathway, so that by 2003, M. C. Lin and co-workers entitled their investigation of

the situation[26] ”Nitromethane-Methyl Nitrite Rearrangement: A Persistent Discrepancy

Between Theory and Experiment”. Theoretical methods consistently found TSs that were

both above the bond fission threshold and too tight to account for the substantial branching

that was seen experimentally. By 2009, in light of the roaming reports on other systems, Zhu

and Lin had found a new roaming-like TS (see Figure 1.6) within 1 kcal/mol of the bond

fission energy [27].

This TS contrasts with the tight isomerization barrier about 10 kcal/mol higher in energy.

The key characteristic of the surface shown in Figure 6 is that there are similar energies for

the RNO2 and RONO bonds; this will be the case quite generally for many nitro compounds,

suggesting that this roaming-mediated isomerization may be an important aspect of the de-

composition of energetic materials. Other systems that possess energetically similar isomers

with low dissociation thresholds may well show similar roaming-mediated isomerization. Our
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investigations on this topic began with nitrobenzene photodissociation and will be discussed

in detail later in the Results section.

Figure 1.6: Potential energy diagram for nitromethane showing roaming like isomerization
TS. The roaming-mediated isomerization pathway is indicated by red lines. Adapted with
the permission from R. Zhu et al, Chem. Phys. Lett. , 478, 11 (2009) c©Elsevier
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1.3 Angular Momentum Polarization

Angular momentum polarization is an often measured vector property using ion imaging

techniques. These vector correlations provide a great deal of information regarding the

excited state symmetry, photodissociation dynamics, the shape of potential energy surfaces

and the lifetime of the photodissociation events. Consider a molecule dissociated using a

linearly polarized light. The angular distribution is given by [28]

I(θ) ∝ 1 + β2(cos θ) + β4(cos θ) + β6(cos θ) + ... (1.4)

Figure 1.7: Laboratory and molecular reference frame. Adapted with the permission from
A.G. Suits et al, Chem. Rev. , 108, 3706 (2008) c©ACS

Another important vector correlation is the relationship between the photofragment recoil

velocity v and the angular momentum j of the photofragments. This property referred to as

the v− j correlation can be used to unravel the atomic orbital polarization of the photofrag-

ments. Indeed, numerous experimental and theoretical studies have been carried out in this

regard, among them the work done by the Suits group, Zare group and Vasyutinskii and co-

workers can be highlighted [29–34]. These studies provide great insight into the photophysics

governing the events of the photofragment dissociations, including non adiabatic dynamics

and coherent dissociation mechanisms. Other parameters are inroduced (analogus to β) to

discribed the orientation and electronic alignment of the generated photofragments[35].
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Chapter 2

Experimental Methods

2.1 General overview

Our investigations of unimolecular processes require knowledge of the energy, the states

of the final products and their speed and angular distributions (momenta). Unimolecular

photodissociation can be described in the following way.

AB(e,v,j) + hv→ A(e,v,j,mj) +B(e,v,j,mj) +KE (2.1)

Where e, v, j , mj are the electronic, vibrational rotational , and angular momentum quantum

numbers of the reactant and the products, and KE is the kinetic energy release during

the photochemical event. Measuring the quantum numbers and energy of each product

involves a complicated array of experiments, therefore for simplification, a series of controlled

experiments can be carried out. Many of the experimental techniques involve measuring

the velocity of the state-selected fragments created during the reactions. Understanding

the direction of various products scattered after a photochemical event with respect to the

laboratory frame is referred as the measuring the recoil velocity of the products. In this

dissertation we focus on investigation of unimolecular photodissociation dynamics measuring

the velocity of the state-selected products. We applied an ion imaging approach combined

with time-of-flight (TOF) method to obtain the velocity of the desired product and using the

conservation of linear momentum and the energy, the velocity and the translational energy
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of the co-product can be calculated.

To make it less complicated, the reactants are prepared in known or well-defined states.

For this purpose, methods based on supersonic expansions are used to generate reactants with

well-defined initial velocities.[36] This is achieved by seeding the reactants in a rare gas and

the collisions between the molecules cause the internal energy of the molecules to decrease

drastically leaving only a few internal degrees of freedom excited. This helps to define the

total excitation of the molecules after absorbing a given amount of energy. Of course the next

obvious question is how to detect these products state-specifically. Indeed, the subsequent

developments in the laser performances especially tunability and the high resolution helped to

detect these state-resolved products using multiphoton ionization methods. Here we applied

resonance the enhanced multiphoton ionization (REMPI) technique to excite and ionize the

photofragments. Usually the molecules are excited to a resonant state via nhv photons where

n is an integer (typically 1,2 or 3) and ionization could be achieved by absorbing another

photon. The next two sections consist of a brief introduction to ion imaging technique and

our new Doppler-free approach: Masked velocity map imaging.

2.2 DC Slice Imaging Approach

Chandler and Houston first invented ion imaging technique in 1986 [37]. In these types

of experiments, one can acquire snap shots of the velocity distributions generated during

the photochemical events. In a typical ion imaging experiment, molecules are supersonically

expanded into a reaction chamber and photodissociated by a photolysis laser and ionized

by a probe laser. These ions travel in a field free time-of flight on to a microchannel plate

(MCP)/phosphor detector. The resulting image can be viewed by a Charged Coupled Device

(CCD) camera (figure 2.1)

The resolution of the conventional ion imaging is poor due to the use of homogeneous

electric fields so that the dimensions of the ionization region blur the detected image. About

a decade after first invented the ion imaging approach, Epink and Parker introduced a new
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Figure 2.1: Schematic representation of the experimental setup for dc slice imaging. Adapted
with the permission from D. Townsend et al, Rev. Sci. Intrum. , 74, 2530 (2003) c©AIP

variant of ion imaging called velocity map imaging[38]. The resolution of the images was

enhanced significantly (a factor of fite or so). Nevertheless this approach of projecting the

entire recoil sphere onto the detector has disadvantages such as a requirement of apply-

ing mathematical reconstructions methods to obtain the desired three dimensional velocity

distribution. To overcome this problem, the Suits Group introduced the dc slice imaging

method[39] in which a weak fields in the interaction region allow the ion cloud to stretch

along the flight axis, so a short gate pulse is applied on to the MCP detector can selectively

extract the central slice of the ion cloud. This method allows to directly acquire the three

dimensional image still conserving the high resolution of the velocity map imaging. It is

analogous to the 3-D imaging approach developed independently by Kopin Liu at the same

time[40].

Our apparatus consist of two chambers, a source chamber and a reaction chamber op-

erated at 1×10−5 Torr and 2×10−7 torr respectively. The seeded molecules are introduced

to the source chamber using a solenoid valve operated at 10 Hz with a pulse duration of
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230 µs. The supersonically expanded molecular beam is collimated using a 1 mm skimmer

and the molecules enter the reaction chamber where the velocity map ion optic assembly is

located. Then the molecules are photodissociated and ionized using the REMPI technique.

The product ions are accelerated in a 1 m long field free Time-of-Flight (TOF) onto a dual

microchannel plate array of 120 mm diameter, which is coupled to a P-47 phosphor screen.

The resulting ion image is viewed by a CCD camera (Sony XC-ST50, 768 × 494 pixels).

The recoding is done by IMACQ Megapixel acquisition program and the analysis was done

by using IMAN program[41].

2.3 Masked Velocity map Imaging Approach

Since their first demonstration over 30 years ago, Doppler-free approaches[42–44] have

become the methods of choice in virtually all applications where the very high spectral re-

solving power is needed. When combined with resonantly enhanced multiphoton ionization

(REMPI), in addition to high-resolution, extraordinary sensitivity in detection can also be

achieved. The intrinsic high sensitivity and high signal-to-noise ratio of REMPI becomes

even more enhanced because all species in the detection volume are simultaneously in res-

onance. In a proof-of-principle experiment, Vrakking et al.[45] demonstrated that Doppler-

free REMPI is an ultra sensitive probe (6.8× 103 molecules/cm3 for H2) of quantum state

distributions of reaction products. In recent years, Doppler-free or reduced-Doppler ap-

proaches have been applied to ion imaging studies with considerable success, and a number

of variations of these techniques have emerged [46–52].

Here we demonstrate another promising application for Doppler-free REMPI in velocity

map imaging experiments. We demonstrate a way to obtain Doppler-free REMPI spectra

for spectroscopic studies and state distribution analysis of reaction products with just one

laser beam. In all the above-mentioned experiments the Doppler-free spectra are achieved by

exposing the molecules under study to a pair of counter propagating laser beams in 2-photon

transitions. Taking into account the Doppler shifts caused by the velocity of the atoms or
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molecules, the frequencies of the photons appear symmetrically up-shifted and down-shifted

in the molecule rest frame. When the pair of counter propagating photons is absorbed

the total two-photon energy becomes independent of the velocity, and hence the Doppler

effect is canceled. There are a few experimental as well as fundamental complications in

the two-photon Doppler-free scheme. Imperfect temporal or spatial overlap of two counter

propagating laser beams causes decrease in the detection efficiency[46]. Providing two laser

beams instead of one can be time-consuming and a substantially more expensive endeavor

especially in case of VUV lasers. On top of that, much higher laser power is needed to drive

two-photon transitions compared to the one-photon ones. One laser beam signal as well as

accidental one-photon resonances often deteriorate signal-to-noise ratios, but in principle,

these can often be dealt with by changing laser beam polarizations [47]. Not all the transi-

tions can be readily accessed and analyzed by two-photon methods due to the fundamental

impediments in working out two-photon selection rules.

Figure 2.2: Experimental setup for masked velocity map imaging

The approach presented here permits us to overcome all these complications by employ-
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ing just one laser beam and restricting detection to only those species with zero velocity

component along the laser propagation direction.A mask with a narrow vertical slit through

the middle was placed on the outer side of a phosphor screen, in front of a photomultiplier

tube (PMT) as shown in the figure 2.2

The width of the slit was varied depending on the UV laser linewidth and velocity of

reaction products under study and was chosen to be roughly equal the portion of the Doppler

profile corresponding to the laser linewidth to maximize sensitivity without sacrificing spec-

tral resolution. For this purpose, the reaction products of interest were resonantly ionized by

a UV laser at the center of the resonance and the mask was placed on the outer surface of the

phosphor screen, before the PMT, with the slit size matching the laser-linewidth-determined

portion of the Doppler profile in the middle of the phosphor screen.

The benefits of his method are demonstrated in spectroscopic characterization of highly

translationally and rotationally excited CO fragments resulting from the 230 nm photolysis of

OCS and acetone, yielding substantially improved values of the rotational constants for the B

state (v ′′ = 0) of the CO molecule. The resolving power and the state distribution analysis

of reaction products are also demonstrated for room-temperature H atoms generated by

dissociation of background hydrogen molecules and oxygen atom detected from the 225.6 nm

photolysis of ozone [53].
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Chapter 3

Roaming Dynamics of Acetone
Dissociation

3.1 Introduction

The “roaming mechanism” has recently emerged as a new pathway in unimolecular de-

composition [1, 9, 10, 12, 15, 17, 19, 54, 55] as described in the previous chapter (Intro-

duction). In this chapter, we present evidence for an analogous roaming contribution in

the ultraviolet photodissociation of acetone through the S1 electronic state, implying highly

vibrationally excited methane as a co-product.The fate of this hot methane product will be

considered further below.

CH3COCH3 → (CH3 + CH3CO)→ CH4 +H2CCO → CH4 + CH2 + CO (3.1)

although hot ethane and CO is another possibility initially proposed, discussed further below.

The photochemistry of acetone is among the most thoroughly studied of any polyatomic

molecule, with hundreds of studies ranging from classical flash photolysis and nanosecond

laser studies[56–62] to a dizzying array of recent femtosecond studies[57, 63–72] as well as

extensive theoretical work[69, 73–75]. It is perhaps surprising that a unified picture of its

dissociation dynamics has not yet emerged. This is likely a testament to the complexity

of the problem and the changing dynamics with excitation energy as key surface crossings

are accessed. Nevertheless, some conclusions are widely accepted, and the schematic energy
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diagram in Figure 3.1 is useful as we review them.

CH4 + CH2 + CO

Figure 3.1: Energy diagram for photodissociation of acetone at 230 nm

Excitation in the first absorption band is from a nonbonding oxygen atom orbital to

a π* orbital leading to the S1 surface which has a pyramidal central carbon. At the long

wavelength end of the absorption, dissociation occurs via C-C bond fission following inter-

system crossing (ISC) to the triplet surface (T1), as long as the energy exceeds that of the

triplet barrier, 4.05 eV (305.8 nm). At higher excitation energies, e.g., 248 nm, the triplet

dissociation (the ”T1” pathway) can leave enough excitation in the remaining acetyl radical

for it to undergo secondary decomposition. The acetyl radical itself has an exit barrier of ∼

0.4 eV,[76] so that the translational energy distribution for the CO product of this secondary

decomposition peaks away from zero[61]. However, some recent isotopic labeling experiments

have complicated this picture somewhat[77]. Mercury lamp photolysis of mixtures of acetone

and perdeuteroacetone in a cell at energies below the triplet barrier were found to give rise

to a significant fraction (∼25%) of ethane molecules via an intramolecular pathway. The

implications of this will be considered further below.
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The dissociation dynamics following excitation to S2 in the intense second absorption

band around 193 nm (an n-3s Rydberg excitation) have also received a great deal of attention,[58–

61, 66, 70] and much of the discussion is relevant here as well. Pilling and co-workers

studied the reaction via end product analysis and time-resolved absorption in a cell at 300

and 600 K.[60] They observed ethane and CO as dominant products, but based on rad-

ical scavenging experiments concluded that reaction to produce CO and two methyl radi-

cals accounted for 95% of the overall photolysis, with H and CH4 elimination accounting

about equally for the remaining 5% North et al.,[61] using photofragment translational

spectroscopy, saw a single CH3 time-of-flight peak but were able to fit it by assuming two

components, one of which was little changed from their result for the 248 nm case. They

concluded that the S2 dissociation also proceeded mainly by internal conversion to S1, with

the S1 dynamics following the same decomposition path, via the triplet, as at 248 nm. At

193 nm, however, essentially all of the acetyl undergoes secondary decomposition. Zewail

and co-workers[70, 78] have argued instead that in this energy region, direct decomposition

on S1 may occur via a transition state that correlates to a linear acetyl radical in the A state

(essentially one component of a Renner-Teller pair that is anyway degenerate at the linear

geometry). This is the “S1 mechanism”, since championed by Cheng et al.[70–72] We should

note that the acetyl radical is then believed to relax immediately to the ground state, so

that the subsequent secondary decomposition would be essentially the same as that on the

T1 pathway.

One feature of this discussion that has not received much attention is the S1/S0 crossing,

shown in Figure 3.1 and identified in calculations from Liu et al.[73], Zewail and coworkers[69]

and from very recent study by Morokuma and coworkers[79]. In particular, Morokuma and

coworkers identified presence of four pathways that the ground state molecules can regenerate

from S1 surface (fig 3.2).

Among those four pathways, S0/S1-MXS1 has been identified in the previously reported

studies[69, 73]. The other three pathways include S0/S1-MXS2, S1/T1 and S0/T1. Dissocia-
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Figure 3.2: Energy diagram for photodissociation of acetone based on the CASPT2/6-
31+G*. Adapted from S. Maeda et al, J. Phys. Chem. Lett., 1, 1841 c©ACS

tion on the ground-state can then occur without a barrier to give CH3 + acetyl. The absence

of a barrier is key for the roaming intepretation below. In short, the S1 and S0 surfaces are

mixed at these geometries. Key points in sorting through all these issues are the locations

of the CIs and crossings among the relevant surfaces, summarized here: The T1 barrier is

4.05 eV, the S1/S0 CI is 4.76 eV and the S1 barrier is 5.8 eV. Zewail and co-workers have

also explored direct decomposition on the S2 surface,[75] but the barrier is ∼ 7.1 eV, so that

pathway is not relevant for dissociation at 193 nm or below.

In this study we present DC slice imaging[39] of state-selected CO molecules following

dissociation of acetone around 230nm. The imaging results are combined with Doppler-free

resonant multiphoton ionization (REMPI) spectra of the CO product obtained using a new

masked velocity mapping approach, to reveal a surprising aspect of acetone photodissociation

dynamics in the high-energy range of the S1 absorption.
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3.2 Experimental Section

A supersonic beam, 5% of acetone seeded in Ar, produced by a General valve with the

backing pressure of 2 atm and pulse duration ∼200 µs, was introduced into a differentially

pumped velocity map imaging apparatus, which has been described elsewhere.[39] The back-

ground pressures in the source and detector chambers with the beam on were ∼ 2 × 10−6

and ∼ 2 × 10−7 torr, respectively. The valve and inlet tubing were kept at 55 ◦ C to

minimize acetone condensation on the walls and cluster formation in the molecular beam.

In order to accomplish a laser line width limited resolution and avoid scanning through

broad Doppler profiles of the ground-state CO rotational lines, a two color reduced-Doppler

(TCRD) approach was utilized, as previously described [49]. For this purpose, two identical

and independently tunable UV laser beams were generated by sum frequency mixing of the

third harmonic of seeded Nd:YAG lasers (Spectra Physics, model: Quanta-Ray PRO 250)

and a fundamental output of dye lasers (Sirah Laser- and Plasmatechnik GmbH, model:

PrecisionScan) pumped by the second harmonic of the same Nd:YAG laser. The UV laser

beams were temporally overlapped and sent into the detector chamber in opposite directions.

The experiment was designed in such a way that a photon from either laser could cause pho-

tolysis of acetone, but only a pair of photons, one from each laser, led to resonant ionization

of CO products[49, 80]. For this, the wavelength of one laser was fixed near the resonance

and the wavelength of the other was set so that the combined energy of two photons was

fixed on a resonance of the Q-branch of the (2 + 1) REMPI B (ν = 0) 1Σ+← (ν” =0) 1Σ+

transition. We found that the laser fluence of ∼2 mJ/mm2 was sufficient to photodissociate

acetone and resonantly ionize CO. The resulting ions were accelerated toward a 120 mm mi-

crochannel plate detector coupled to a phosphor screen, monitored both with a CCD camera

and a photomultiplier tube. The DC slice imaging approach was employed along with our

IMACQ Megapixel imaging software, as previously reported,[39, 41] for image acquisition

and analysis. REMPI spectra were recorded by collecting the signal from the photomultiplier
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tube while stepping the laser wavelength across the B←X transition of CO and measuring

the wavelength of the dye laser at each step with a digital wavelength meter (WaveMaster,

Coherent, ± 0.1 cm−1 accuracy), (0.02 cm−1 resolution). During all experiments, extra care

was taken to sample only the very early part of the molecular beam expansion where no

clusters are expected. One of the products of the photolysis of acetone clusters is an acetone

ion with nonzero translational energy. Those ions were detected at the tail of the supersonic

beam expansion only when the acetone to Ar ratio was increased to ± 1:1. Under the condi-

tions of the experiment, CO+ was the only ion poduced to any significant extent, and there

was no CO+ signal when the laser was tuned away from the resonance.

3.3 Results

The images and translational energy distributions of the ground-state CO in various

degrees of rotational excitation (J′′= 4, 8, 14, 30) produced from the photolysis of acetone

at 230 nm are given in Figure 3.3. As can be qualitatively inferred from the images, the

available energy is partitioned into CO fragments in two distinct ways.

A rather broad translational energy distribution is seen in a wide range of CO product

rotational levels and appears to be more prominent with larger J′′. In addition, some images

for the first few rotational levels of CO also show a very sharp peak at low translational

energy release. However, as J′′ increases the broad distribution rapidly becomes dominant.

The same bimodal distribution can be observed and characterized on a quantitative basis

from the corresponding translational energy distributions (see Figure 3.3). We should note

that, in contrast to the customary manner of presenting the total translational energy release,

here we show the translational energy for the detected CO fragment only, as the CO may arise

from a mixture of two-body and three-body dissociation events. The average translational

energies 〈ET 〉 obtained from the P(ET ) distributions for various rotational levels of CO are

given in Table 3.1
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Figure 3.3: DC slice images and translational energy release of the CO fragments from the
230 nm photolysis of acetone
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Table 3.1: Characteristics of Bimodal Distribution in CO photofragments

〈ET 〉

J ′′ Total eV broad,eV Sharp,eV branching to sharp,% relative rotational population
4 0.23 0.310(6) 0.038(3) 30 0.031
6 0.24 0.310(6) 0.038(3) 26 0.042
8 0.26 0.310(6) 0.038(3) 19 0.038
10 0.25 0.292(6) 0.038(6) 16 0.036
14 0.26 0.279(6) - 8 0.027
20 0.27 0.266(6) - 0 0.022
30 0.25 0.252(3) - 0 0.014

In order to estimate the branching of the two different energy partitioning modes, P(ET )

curves were fitted to the general expression of the following form[81]

P (ET )bimodal =P (ET )sharp + P (ET )broad (3.2)

=A(ET )i(1− ET )j +B(ET )m(1− ET )n (3.3)

where the power coefficient n was kept fixed for all rotational levels as the tail of the

P(ET )bimodal has no contribution from P(ET )sharp. These expressions provide a simple way

of decomposing the energy distributions, but we do not mean to draw any direct mechanistic

inferences from this fitting or the value of these coefficients. Even though other coefficients

(i, j, and m) were varied, the resulting parameters turned out to be almost the same for

different J ′′ as well. Only the weighting parameters (A and B) changed significantly, which

is not surprising as the translational energy distributions in this case (e.g., coming off the

acetyl barrier) will not be expected to change dramatically with J ′′. The resulting curves

are given in Figure 3.3. The individual fitted distributions are shown in red, whereas the

total distribution is given in blue. As can be seen, the simulated curves are well fitted to

the experimental data points. The branching for different rotational levels is summarized

in the Table 3.1. The overall branching for the ground-state CO (ν= 0) can be obtained

if the relative rotational populations are known, which in turn can be estimated from the
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Figure 3.4: 2 + 1 REMPI spectra of the Q-branch of the (ν = 0) 1Σ+← (ν ′′ =0) 1Σ+

transition of CO from acetone dissociation at 230 nm. The Dopplerfree spectrum shown in
black was collected under the masked velocity mapping conditions. The Doppler-broadened
spectrum recorded with the unmasked detector is shown in red

rotational line intensities. For this purpose TCRD REMPI spectra of the Q-branch B←X

transition were initially recorded. Surprisingly, the spectra exhibited a very well pronounced

sinusoidal ionization probability superimposed on the line intensity profile that precluded

further rotational state distribution analysis. More details on this effect will follow. In

the meantime, we developed the Doppler-free masked imaging approach described in the

previous chapter.[49] For the population analysis, a simple mathematical procedure was

then performed to transform the line intensities under masked detector conditions to the

unmasked full ion cloud signal. Figure 3.4 demonstrates a comparison between a Doppler-

broadened REMPI B←X spectrum of CO acquired with the unmasked detector (red trace)

and a Doppler free spectrum recorded with the masked detector (black trace).

The substantially improved resolution permitted us to observe that the spectrum peaks

around J ′′ = 22 and allowed us to estimate that about 15% ± 5% of the total CO fragments

are produced with the sharp P(ET ) distribution. Here, the uncertainty is estimated based

on reproducibility in our fitting procedure and the fact that we have only obtained images

on a subset of all the rotational levels.
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3.4 Discussion

The broad translational energy release observed together with a wide range of rotational

excitation of CO following 230 nm acetone photolysis is dynamically identical to the char-

acteristics of the stepwise dissociation mechanism of bond cleavage in acetone previously

studied at 193 and 248 nm. Trentelman et al. [82] carried out a thorough investigation

of the 193 nm dissociation of acetone using rotationally resolved VUV-LIF excitation spec-

troscopy to detect CO. They observed considerable rotational excitation peaking around J ′′

= 22 for ν= 0 of CO, which is in precise agreement with our results at 230 nm. The average

translational energy value was determined to be 0.37 ± 0.05 eV by analyzing the Doppler

profiles of several rovibronic transitions. North et al.[61] also performed a detailed investi-

gation of the 193 photolysis of acetone using photofragment translational spectroscopy with

universal detection of photodissociation products. Their average translational energy release

value of 0.21 ± 0.03 eV is considerably lower. It should be noted that based on the percepti-

ble deviation in rotational populations of the effusive and supersonic beam results for the J ′′

(CO) 〈 15 data, Trentelman and co-workers[82] concluded that the excess population in low

rotational states may originate from acetone clusters. Hence, it is possible that their trans-

lational energy measurements were performed for the J ′′ 〉15 of CO, although not all of the

rotational levels used for the analysis were specified. In any case, their result was a simple

fit to Doppler-broadened lineshapes, and the laser line width contribution was significant in

that case. Analysis of our bimodal distribution gives an average 〈ET 〉 around 0.24 eV, which

is in good accord with measurements by North and co-workers. It should be noted that in

this case comparing the average translational energies at the 193 and 230 nm photolysis is

reasonable, as the translational energy release is likely dictated by the exit barrier heights in

the primary and secondary dissociation steps, and insensitive to modest changes in available

energy.

A question that immediately arises is why this slow component was not seen in the
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experiments of North et al. One obvious answer is that our result is at 230 nm, while the

North result is at 193 nm. However, we believe the dynamics are similar at these wavelengths,

so we are not satisfied with this explanation. In fact, the broad component in our distribution

is in very good agreement with the 193 nm translational energy distribution North derived

for CO, but overall there is strong deviation at the lowest energies, below 0.1 eV where the

sharp peak begins to contribute. However, the photofragment translational spectroscopy

(PTS) experiments are not sensitive to the slowest products, as they do not scatter far

from the beam. The precise low energy limit will depend on the molecular beam velocity

and the angles used in the analysis, and this is not entirely clear from the paper. It is

thus possible that this slow component was present in the PTS experiments but that data

sufficiently close to the beam was not recorded and fitted to reveal this contribution to the

translational energy distribution. We should note that detection of m/z = 28 in the PTS

experiments is extremely challenging, and the signal-to-noise achieved in that work already

quite remarkable. Finally, although our average translational energy release is close to that

given by North, it is somewhat larger, while the slow contribution would be expected to

make it smaller. However, our result is for CO (ν= 0) only, while theirs includes small

contributions from higher vibrational levels, likely lowering the overall average.

Even though the stepwise dissociation mechanism has been previously studied in great

detail, the sharp P(ET ) distribution detected for CO with low rotational excitation has not

been reported. The remainder of this discussion will be focused on identifying dissociation

pathways that can lead to the low-J CO product with low, sharply peaked translational

energy release.

In order to address the possibility that the bimodal distribution of the CO products

originates from the dissociation of acetone clusters, the dependence of the P(ET ) curves on

nozzle temperature was examined. Figure 3.5 shows translational energy release at J ′′(CO)

= 5 for the two sets of experiments differing only in the temperature of the inlet tubing and

nozzle. The two P(ET ) distributions are almost identical, implying that the contribution
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Figure 3.5: Nozzel temperature dependence of the P(E) distributions for CO (J ′′ = 0)
Experiments in which the temperature of the inlet tubing and nozzel were kept at 373 and
323 K are plotted correspondingly as black and red lines

from the clusters is negligible. In general, the insensitivity of the observed distributions as

the beam conditions were varied in the vicinity of that employed in the experiment further

support the notion that these are monomer results.

An alternative source of the slow CO might be either a synchronous dissociation or

unusual dynamics in the stepwise dissociation. For the former, based on momentum conser-

vation we can readily estimate the translational energy imparted to the two methyl radicals.

If we assume they depart simultaneously at the equilibrium bond angle for acetone, we find

a translational energy of 0.065 eV in each methyl, also implying a total internal excitation of

6.3 eV in the methyl fragments. Although kinematically feasible, of course, there is no obvi-

ous mechanism to give rise to the simultaneous dissociation to highly vibrationally excited

methyl radicals. As an alternative liming case, we can consider dissociation to ground-state

methyl radicals and estimate the bond angle necessary to momentum match to CO. We find

an angle of 96.8◦, again calling for implausible dynamics rather difficult to justify. Finally,

we can imagine stepwise dissociation with peculiar dynamics in the secondary dissociation

causing the CO to be scattered back to the acetone center of mass, and in low rotational

levels. Although it is possible to imagine this happening in some instances, it is very dif-
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ficult to conceive of a reason for a distinct population of these events to happen with high

probability.

As mentioned in the Introduction, recent comprehensive theoretical study by Morokuma

and coworkers [79] propose a new mechanism to dissociate on the triplet surface. After the

ISC from S1 to T1 the molecules may undergo dissociation on the triplet surface with a barrier

of 4.97 eV producing a linear acetyl radical in the A state. Is the bimodal distribution in CO

fragments then a sign of these two possible dissociation mechanisms: S1 and T1? In short,

the answer is no. Given that the linear acetyl radical in the first electronically excited-state

quickly relaxes to its ground state, as argued by Morokuma and co-workers, the secondary

decomposition fragments do not preserve memory of their S1 or T1 parentage. Therefore,

the CO fragments from both mechanisms will have very similar energy partitioning, and no

bimodal distribution is anticipated.

Another possible explanation that may account for the sharp P(ET ) involves dissociation

on the ground-state surface. According to Morokuma and coworkers [79] there are four

possible ways that the ground state molecules can be regenerated from the S1 state (fig 3.2).

One pathway could be S1 to S0 transition followed by T1 to S0 transition (green curve in the

Fig). The second one is S1 to S0 transition via S0/S1-MSX1 which is also reported by by Liu

et al.[73]. The next pathway could start after the photon transfer via S1-TS2, the molecules

can undergo S1 to S0 transition through the CI of S0/S1-MSX2. The final possibility is the

S1 to T1 transition followed by a T1 to S0 transition through the CI of S0/T1-MSX1. The

dissociation on the ground-state is quite distinctive in that it occurs without a barrier to

give CH3 + acetyl. This is a necessary precondition for “roaming” dynamics. Given the

barrierless dissociation, it is quite common for the system to attain a condition where there

is almost but not quite enough energy in the reaction coordinate for radical dissociation.

The methyl radical can then explore a wide flat region of the potential energy surface. This

“near dissociation” behavior of CH3 radical may then eventually result in the intramolecular

abstraction via two possible pathways. The more likely pathway is the methyl group abstract
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a H atom from CH2CO to produce vibrationally excited methane and CH2CO which will

eventually produce CH2 + CO. The other possibility is the abstraction of the methyl group

from CH3CO radical to give excited ethane with CO. Both of these pathways follow the

roaming mechanism.

The resulting CO fragments convey these distinct signatures of roaming as seen in the

formaldehyde and acetaldehyde systems: very little translational energy release, low rota-

tional excitation and high internal excitation of cofragments, which can be inferred from

the P(ET ) distributions if they can be resolved. For such complex molecules as acetone,

we clearly do not expect to resolve the internal state distribution in the ethane or methane

cofragmenst as we do for H2 in the formaldehyde case. However, other characteristics of the

CO energy partitioning in acetone dissociation are dynamically analogous to those observed

in photolysis of formaldehyde and acetaldehyde via roaming[1, 12, 15, 18], making roaming

of methyl radical to give highly excited photoproducts, we believe, the most plausible expla-

nation for the observed bimodal distribution of CO in acetone dissociation at 230 nm. An

alternative ground-state dissociation pathway would be molecular decomposition via a three-

center transition state (TS). To our knowledge, no such TS has been identified theoretically,

although it is reasonable to assume one exists. However, such a TS leading to closed shell

products and CO products would very likely have a high barrier, so the CO product would

be expected to show high translational energy and high rotational excitation, inconsistent

with what we see here.

There is perhaps additional support for this picture in the cell experiments involving

isotopic mixtures discussed in the Introduction [77]. Those experiments, showing quite clear

evidence for intramolecular ethane production following acetone dissociation in the near-

ultraviolet, raise a number of interesting questions. The studies were conducted at energies

below the threshold for triplet dissociation. In this case, it is possible that dissociation occurs

via less efficient coupling to the groundstate than via the CI discussed above, perhaps via the

triplet. Production of methyl radicals can then lead to intermolecular ethane formation as
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assumed by Pilling and co-workers[60]. However, roughly one-fourth of the ethane produced

in the Russian study was attributed to an intramolecular reaction. In this case, it could

be either by dissociation via a three-center transition state as mentioned above, or by a

roaming mechanism as we have suggested. Although a TS pathway is certainly plausible,

we are inclined to favor a roaming explanation in this case as well. The energy dependence

shown in the formaldehyde system[9, 12], and the dominance of roaming in acetaldehyde[15],

suggest that when it is possible, the larger A-factor for the associated radical channel serves

to favor roaming over the dissociation via the tight molecular TS. However, at this point it is

little more than speculation concerning the results in the near UV. At 230 nm, however, our

results bear the clear sign of roaming in the CO quantum state-specific translational energy

distributions.

3.5 Conclusions

DC slice imaging has been employed to study the photodissociation dynamics of acetone

at 230 nm, with detection of the CO photoproduct via the B (ν = 0) 1Σ+← (ν ′′ =0) 1Σ+

transition. A bimodal translational energy distribution observed in the CO fragments points

to two distinct dissociation pathways in the 230 nm photolysis of acetone. One pathway

results in substantial translational energy release (Eave ≈ 0.3 eV) along with rather high

rotational excitation (up to J ′′ = 50) of CO, and is attributed to the thoroughly investigated

stepwise mechanism of bond cleavage in acetone. The other dissociation pathway leads

to rotationally cold CO (J ′′ = 0-20) with very little energy partitioned into translation

(Eave ≈ 0.04 eV) and in this way it is dynamically similar to the recently reported roaming

mechanism found in formaldehyde and acetaldehyde dissociation. We ascribe the second

dissociation pathway to an analogous roaming dissociation mechanism taking place on the

ground electronic state following internal conversion. For acetone, this would imply highly

vibrationally excited CH4 + CH2 or C2H6 as co-products of rotationally cold CO. We estimate

that about 15% of the total CO fragments are produced through the roaming pathway.
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Rotational populations were obtained using a new Doppler-free method that simply relies

on externally masking the phosphor screen under velocity map conditions in such a way

that only the products with no velocity component along the laser propagation direction are

detected.
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Chapter 4

Roaming Mediated Isomerization of
the Photodissociation of Nitrobenzene

4.1 Introduction

Nitroaromatics are well-known energetic materials. Their importance has led to exten-

sive studies of their decomposition mechanisms, in particular for nitrobenzene, a prototype

molecule of this sort. They have been studied using pyrolysis in static cells[83–88] and in

molecular beams using ultraviolet excitation from 193 to 280 nm, with detection of the

photoproducts using resonance- enhanced multiphoton ionization (REMPI), laser-induced

fluorescence (LIF) and vacuum ultraviolet (VUV) photoionization[89–92]. For nitrobenzene,

three major channels are found:

C6H5NO2 + hν → C6H5 +NO2 channel 1 (4.1)

C6H5NO2 + hν → C6H5ONO → C6H5O +NO2 channel 2 (4.2)

C6H5NO2 + hν → C6H5NO +O channel 3 (4.3)

The NO2 channel (1) is dominant at high energies, but the NO channel (2) makes up a

significant fraction, with a branching ratio of 0.4 at 266 nm [91]. Although the importance of

this isomerization has long been recognized, the mechanism has not been clearly elaborated.

In this Article we explore this channel by studying NO production from the ultraviolet

dissociation of nitrobenzene and see that “roaming-mediated isomerization” plays a key

role.
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Roaming reactions, as discussed in the previous chapter,[2, 15, 93] are a newly identified

class of reaction, first clearly demonstrated in formaldehyde dissociation, but now believed

to be quite general[94]. They involve near-dissociation to radicals followed by intramolecu-

lar abstraction, giving closed-shell products with characteristic internal state distributions

typical for radical radical abstractions. For example, in the previously studied dissociation

of NO3, evidence strongly suggests[23] that a partially dissociated oxygen atom “roams”

around NO2 before abstracting one of its oxygen atoms to form O2. Such studies of NO3

decomposition, as well as those of roaming in CH3NO2 decomposition[26], suggest that this

may also play a role in nitroaromatic chemistry.

There have been several previous studies on nitroaromatic decomposition, but a clear

picture is yet to emerge. Other researchers have carried out photolysis studies on nitroben-

zene between 220 and 320 nm and obtained the rotational spectrum of the NO products

using LIF at 226 and 280 nm [89, 90]. Rotational temperatures were found to be 3,700 K

and 2,400 K, respectively, and the dissociation was attributed to internal conversion (IC)

to the ground state followed by isomerization to phenyl nitrite, with dissociation then either

to phenoxy and NO or phenyl and NO2. The phenoxy product was also found to dissociate

further into CO and C5H5. Yet other researchers found an isomerization transition state on

a natural bond potential energy surface using G2M and G3B3 theoretical methods [95]. The

dissociation energy for the CN bond was found to be 75 kcalmol−1 and the transition state

leading to isomerization to phenyl nitrite was 65 kcal/mol. Using density functional theory,

similar energetics of 71.2 kcalmol−1 for the CN bond dissociation and 63.7 kcalmol−1 for

the transition state were determined[96]. When studying o-nitrotoluene dissociation using

REMPI, a similar but non-Boltzmann like rotational distribution of NO was found[97]. One

group also examined stationary points for o-nitrotoluene and found a much more complicated

energy landscape, including the elimination of H2O to form C6H4C(H)ON [98]. Their mod-

eling of pyrolysis suggested that loss of H2O dominates below 1,000 K and NO2 dominates

above.
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More recently, a combined experimental and theoretical work was carried out by Ni and

co-workers that examined photodissociation of both nitrobenzene and o-nitrotoluene at 193,

248 and 266 nm [91]. Following ultraviolet photodissociation, product yields were deter-

mined as well as translational energy distributions using VUV ionization and multimass

detection of the ions. The major channels for both molecules were NO and NO2, with

minor contributions of oxygen atom production for nitrobenzene and an OH channel for

o-nitrotoluene. Of major interest was a bimodal distribution seen in the NO product chan-

nel, with a low energy component peaking near zero translational energy and a high-energy

component near 40 kcalmol−1. The higher energy feature was more apparent at higher dis-

sociation energies. Theoretical calculations found a transition state leading to isomerization

at 57.9 kcalmol−1 and CN bond dissociation at 76.3 kcalmol−1 for nitrotoluene, and simi-

lar numbers as before for nitrobenzene of 61.1 kcalmol−1 and 74.1 kcalmol−1, respectively

(isomerization and CN fission, respectively). The authors used this to justify the difference

between the two bimodal translational energy distributions as the splitting of the two peaks

is 22 kcalmol−1 and 30 kcalmol−1 for nitrobenzene and nitrotoluene, respectively.

They offered two justifications for the bimodal distributions[91]. One was that there are

two distinct NO elimination channels on the ground state (one of which produced C6H4OH

as a co-fragment, in addition to isomerization to the nitrite), and the other was the possible

existence of an NO elimination channel from a triplet excited state that competes with the

fast IC to the ground state. The authors, however, noted difficulties with both explanations.

The C6H4C(H)ON product was associated with slow recoiling fragments due to the reduced

exothermicity and higher transition state (TS) energy. However, this was not consistent with

the observed wavelength dependence of the ratio of the fast and slow components. Further-

more, the calculated rates for C6H4OH + NO were several orders of magnitude lower than

dissociation via the tight transition state on the ground electronic state. Also considered was

a possible role for triplet dissociation, as mentioned above. A tight isomerization transition

state was determined on the triplet surface 16 kcalmol−1 above the T1 minimum, suggesting
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that much of the ensuing rearrangement energy might be available for recoil, as the triplet

nitrite is bound by only 1 kcalmol−1. Faced with this intriguing puzzle of the bimodal

translational energy distributions in the NO product of nitroaromatics as reported in the

comprehensive paper from Ni and co-workers, and aware of the possible role of a roaming

contribution to the reaction mechanisms, we undertook a state-selected direct current (d.c.)

slice imaging study to look more deeply into this bimodal distribution and complemented

this with high-level electronic structure and rate calculations. In what follows we will focus

on the dissociation of nitrobenzene, but our experiments on nitrotoluene are in close accord,

as observed by Ni and co-workers.

4.2 Experimental methods

4.2.1 Experimental

A detailed description of the d.c. slice imaging apparatus used in this experiment is

described elsewhere[39] and only a brief summary is given here. Samples of nitrobenzene,

p-nitrotoluene or o-nitrotoluene were heated between 90 and 95 ◦C. About 1 atm of argon

gas flowed through the heated sample to a pulsed solenoid valve heated to 100 ◦C that cre-

ated a supersonic beam of seed ratio 12% into the source chamber operated at ∼ 1×10−5

torr. Following passage through a skimmer, the molecular beam entered the main chamber,

which was held at a pressure near ∼ 1×10−7 torr, and was intersected by one laser beam

near 226 nm. In this experiment, the laser pulse excited and dissociated the nitroaromatic

molecule, with the resulting NO photoproducts probed with the same laser pulse using (1 +

1) REMPI through the rotational-resolved resonances of the NO ν = 0, A ← X transition.

The laser beam was produced by sum frequency mixing of the third harmonic of a seeded

Nd:yttrium aluminium garnet (Nd:YAG) laser with the fundamental output of a dye laser

pumped by the second harmonic of the same Nd:YAG laser. The resulting ions were ac-

celerated and detected by a 120-mm-diameter multichannel plate detector coupled to a fast

phosphor screen. The ion optics, gate and data collection operated in the d.c. slice imaging
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mode. A charged-coupled device camera captured the image, and a photomultiplier tube

collected the total ion signal. IMACQ/IMAN megapixel imaging software[41] was used to

acquire and analyse the resulting data.

4.2.2 Computational

Calculations were performed by our colleagues M. C. Lin and R. Zhu, and the meth-

ods they employed were as follows: The geometric parameters for the critical points on the

PhNO2 decomposition potential-energy surface were optimized at the UB3LYP//6-311+

G(3df, 2p) level. Intrinsic reaction coordinate analyses[99, 100] were performed to confirm

the connection between transition states and designated reactants, products or intermedi-

ates. Single-point energy calculations of the stationary points were refined at the highest

G2M (CC1) level[99, 100] based on the optimized geometries. All calculations were car-

ried out using the Gaussian 09 program package[100]. The energy-dependent constants (kE)

were evaluated using the flexible transition state approach[101] of the Variflex code[102]. The

minimum energy path (MEP) representing the barrierless dissociation process of C6H5NO2

→ C6H5 + NO2 was obtained by calculating the potential energy curve along the reaction

coordinate CN bond in C6H5NO2, where the CN bond length was stretched from the equi-

librium value of 1.477 Å to 4.477 Å with an interval step size of 0.2 Å. Other geometric

parameters were fully optimized. The dissociation curve could be fitted to the Morse po-

tential function E(R) = De [1-exp(-β(RRe))]
2, which was used to approximate the MEP

path for the variational transition state in the rate calculation. In this equation, R is the

reaction coordinate (the distance between the two bonding atoms, CN in this work), De is

the bond energy excluding zero-point energy and Re is the equilibrium value of R (1.477 Å).

The computed potential energies can be fitted reasonably to the Morse potential function

with the parameter β =1.279 Å−1 The numbers of states for the tight transition states

were evaluated according to the rigid-rotor harmonic-oscillator assumption, and the smaller

frequencies in the RTS were treated as free rotors. The LennardJones (L-J) parameters are
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taken to have the same values as used in ref. [2]: argon: σ= 3.47 Å, ε/k = 114 K; C6H5NO2:

σ= 5.0 Å, ε/k = 400 K.

4.3 Results and Discussion

Results for DC slice imaging dissociation of nitrobenzene near 226 nm, with probing

of a range of product NO rotational levels, are shown in Fig. 4.1. In these images, dark

to light indicates increasing product intensity, and the distance from the centre gives the

nascent velocity distribution. Here, we can see a suggestion of the bimodality observed by

Ni and co-workers in the state-integrated measurements. The lower probed rotational levels

principally show a central globe, whereas intermediate and higher rotational levels clearly

show two distinct components.

Using conservation of energy and momentum, we can readily convert these velocity space

images into total translational energy distributions (Fig.4.2 (a-d)). Results for the inte-

grated NO distributions from Ni and co-workers at 248 nm are also shown for comparison

(Fig.4.2e). These translational distributions verify that there are two components in the NO

distributions, and the faster one is more pronounced for higher NO rotational levels. At J

= 59.5, the fast component (high ET ) is larger than the slow component by a margin of

about 2:1. The low translational energy component is centered in the distributions near 5

kcal/mol. This slow component rises from a ratio of about 1:2 at high J = 59.5 to about 2:1

at the lowest J levels. Lower J levels were examined at J = 10.5, 3.5 and 1.5, but showed no

significant difference from the image obtained at J = 29.5.

The results obtained are consistent with the study by Ni and co-workers showing a bi-

modal distribution of NO photofragments[91]. No significant anisotropy is seen in any of

the images obtained, confirming a slow dissociation process that is probably due in part to

internal conversion to the ground state. At an excitation energy of 226 nm and using the

energies from Ni and co-workers, the total maximum energy release ∼ 104 kcal mol−1 for

nitrobenzene. Based on the NO rotational constants[103], the maximum total translational
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J=59.5

J=50.5

J=35.5

J=29.5

Figure 4.1: Direct current sliced images of NO from the photodissocation of nitrobenzene
excitation at ∼226 nm. The NO fragment is probed via a 1+1 REMPI scheme through
the NO ν = 0, A ← X band for the following transitions: P1 (59.5), Q1 (50.5), Q1 (35.5)
and Q1 (29.5). After acceleration down a field-free flight tube, the NO ion cloud impacts a
position-sensitive detector timed to record the central slice of the NO mass products. The
distance from the center then corresponds directly to the centre-of-mass recoil velocity of
the NO. The images show two components: the high rotational levels show more of the fast
component, and the lower rotational levels mainly show the slow component.
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Figure 4.2: Total translational energy distributions derived from the images in Fig.4.1 a-
d, Distributions for the indicated rotational level obtained via transitions P1 (59.5), Q1

(50.5), Q1 (35.5) and Q1 (29.5) (d). e, Total NO translational energy distribution at 248
nm integrated over all NO co-fragments; from ref. [91], c© 2007 AIP. From conservation
of linear momentum and energy, we convert the NO recoil velocities in Fig.4.1 into total
translational energy release between the fragments. The bimodal structure is seen to vary
with NO rotational levels
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Figure 4.3: State-correlated plot showing NO(J) versus total translational energy or relative
velocity derived from analysis of the images. Higher intensity is in red-orange, lower intensity
in blue. This plot indicates the correlation of the bimodality in translational energy seen in
Fig. 4.2 with the rotational level of NO.

energies allowed for J levels 59.5, 50.5, 35.5 and 20.5 are 87, 92, 98 and 99.4 kcal mol−1,

respectively. The translational energy distributions do not show NO fragments out to this

energetic limit, which suggests a large amount of rotational and vibrational energy remains

in the C6H5O counter fragment. These relatively slow fragments are again consistent with

early work showing internal conversion distributing large amounts of energy into the internal

coordinates as well as the production of CO from secondary dissociation of the remaining

C6H5O. The images clearly demonstrate that not only does the NO distribution split into

two different translational pathways, these two components also have strongly correlated ro-

tational distributions. This is seen very clearly in Fig. 4.3, in which we plot the detected NO

rotational level against the total translational energy release for three nitroaromatics (NB,

o-NT, p-NT). The strong correlation between the NO rotational excitation and translational

excitation is quite clear: the bright feature at the lower left is the slow, low-J component.
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Our task is now to identify the underlying pathways that can give rise to the following

key observations: (i) there is a very slow component peaking at 6 kcal mol−1 or less that

is largely composed of rotational levels below J = 50.5, and at J = 29.5 it is the main

contribution;(ii) there is also a fast component, peaking above 23 kcal mol−1, that begins

with rotational levels around J = 35.5, and at the highest probed level (J = 59.5) it is the

main contribution; (iii) the distributions are indistinguishable for the three molecular systems

studied, although here we focus on nitrobenzene. We might add the wavelength dependence

inferred from the results of Ni and colleagues (they argued that the fast component grew

in intensity with increasing excitation energy); however, no fitting of the contribution was

attempted. It is also clear that the shape of the fast distribution changed somewhat with

excitation wavelength. This makes it rather difficult to be quantitative about the wavelength

dependence of the branching. Indeed, in the result from Ni and colleagues for nitrobenzene

at 266 nm, although only one feature is seen, it peaks at very low energy but extends all the

way to 55 kcal/mol, consistent with the fast peaks at other wavelengths. Nevertheless, it

is at least qualitatively apparent that the high-energy component increases with increasing

excitation energy,

To gain further insight into possible pathways to account for these observations, our

collaborators M. C. Lin and R. Zhu revisited the ground-state potential energy surface

at the G2M(CC1// UB3LYP/6-311 + G(3df,2p) level of theory, seeking in particular to

characterize any possible roaming transition-state (RTS) region that may play a role. The

results are summarized in Fig. 4.4.

If the energy of the separated phenyl + NO2 is taken as the zero of energy, then Zhu

and Lin find the tight isomerization TS1 at 13.9 kcal/mol, largely consistent with earlier

theoretical work. However, a roaming-type saddle point region is found at 1.3 kcal/mol

and its characteristic structure is shown in Fig. 4.4a. This is typical for a roaming saddle

point region: bond distances extend beyond 3.2 Å or more, and energies are within 12

kcal/mol of the asymptotic energy of the corresponding separated fragments arising from
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Figure 4.4: Schematic potential surfaces for the ground singlet and lowest triplet states
of nitrobenzene. a, Key stationary points on the ground singlet surface for nitrobenzene
relevant to NO formation. b, Key stationary points on the T1 surface for nitrobenzene
relevant to NO formation. Oxygen atoms are shown in red, nitrogen atoms in dark blue,
carbon in grey and hydrogen atoms in light blue. Red lines are shown on the triplet surface,
black lines on the singlet surface. Calculations were carried out by R. Zhu and M. C. Lin.
Energy in kcal/mol and bond lengths in Å
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simple bond fission. This roaming-mediated isomerization pathway leads to a local min-

imum of phenyl nitrite that can readily lose NO barrierlessly with an additional 22 kcal

mol−1. It should be mentioned that for this large size of system, they can only locate the

RTS using the UB3LYP/6-311 + G(3df,2p) method, and at this level, the wave functions

are spin-contaminated: the coupled cluster calculations have a T1 diagnostic of 0.039, which

is slightly higher than the proposed maximum value of 0.02. For a similar small CH3NO2

system[26], they confirmed the RTS by the CCSD and CASSCF methods; all gave similar

structures. The level of electronic structure theory used in this work may only be expected to

yield qualitative rather than quantitative results. Determination of the quantitative contribu-

tion to the dissociation products from the roaming channel versus the conventional product

channels requires a full dimensional calculation on a complete potential surface, which is

outside the scope of this work. Nevertheless, these calculations suggest that the probable

explanation for the slow component of the bimodal energy distribution is roaming-mediated

isomerization.

To further verify that roaming is key to the dissociation pathway giving rise to the low-J,

slow NO products, branching ratio calculations were run on the saddle points in Fig. 4.4 by

Lin and Zhu. Figure 4.5 presents energy-dependent branching ratios obtained by treating the

smaller frequencies as free rotors. The results are quite striking. As shown by the solid black

line, the yield of NO products due to the lower-lying, tight transition state decreases sharply

at energies only slightly above the threshold for NO2 formation as alternative pathways take

over. Branching to NO production from roaming mediated isomerization quickly increases

and reaches a maximum at energies near 15 kcal/mol above the NO2 simple bond fission

(SBF) threshold. We should point out here that we are referring to roaming-mediated

isomerization to phenyl nitrite. It will subsequently decompose after some time, but Lin and

Zhu have not calculated that lifetime, which will obviously be energy-dependent. The system

may or may not linger long at the phenyl nitrite minimum. Simple bond fission giving NO2

grows with increasing energy, as would be expected for a barrierless reaction, and ultimately
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dominates. The conclusion drawn from Fig. 4.5, for the ground electronic state, is that

the slow component is indeed due to roaming-mediated isomerization deriving from the CN

bond fission channel; however, the fast component is not due to dissociation through the

tight transition state following isomerization on the ground electronic state. The predicted

rates are simply too low to account for the observed yield, and the wavelength dependence is

also inconsistent. Instead, the fast component is probably due to dissociation on the excited

triplet state, as suggested by Ni and co-workers[26].

Figure 4.5: Plot of the branching ratio for dissociation of nitrobenzene versus energy relative
to the simple bond fission threshold (loss of NO2). The black curve represents formation of
C6H5O + NO through the tight transition state, the red curve the yield through the RTS,
and the dotted black curve is the SBF pathway: formation of C6H5 + NO2. Calculations
were performed with the surfaces shown in Fig. 4.4a.Calculations were carried out by R.
Zhu and M. C. Lin. Energy in kcal/mol

To gain insight into this, further calculations of stationary points on T1 were performed
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by Lin and Zhu at the same G2M(CC1)//UB3LYP/6-311 + G(3df,2p) level of theory shown

in Fig. 4.4 b. The T1 minimum is 8.4 kcal/mol below the NO2 SBF asymptote, and

there is a tight TTS2 5.7 kcal/mol above that, leading directly to C6H5O + NO with the

release of some 57.7 kcal/mol potential energy, much of which would likely find its way into

translation. This would also give rise to impulsive NO rotational excitation, accounting for

the greater rotational excitation seen in the fast component. This TTS2 barrier may also

be responsible, in part, for the energy dependence Ni and co-workers reported for the fast

component. Energy excess above TTS2 will increase its reactive likelihood as opposed to

decay over TTS1 to NO2 or intersystem crossing back to the ground state. In fact, at these

energies there are several electronic states that may participate; nevertheless, the uniformity

of behaviour among the different compounds suggests that relatively straightforward issues

underlie this branching to the high-energy component, rather than subtle, unique features

of each surface. They also examined the contribution of the C6H4OH + NO channel: the

rate-controlling tight transition state of this channel is 2.6 kcal/mol higher than the RTS,

the branching ratio lies below 2.6 × in the energy range of ∼ 0-155 kcal/mol and can be

ignored. For this reason, it is not plotted in Fig. 4.5. Other higher-energy channels are

expected to have even smaller contributions for NO formation. The slow NO component

is thus ascribed to barrierless, near dissociation into C6H5 + NO2 products ∼14 kcal/mol

higher in energy than the tight isomerization saddle point. If insufficient energy is localized

into the CN bond, dissociation will not be complete.

The NO2 and phenoxy fragment will reorient, or roam until they isomerize into the

nitrite, at which point far less energy is needed to produce the NO fragments. This is

entirely analogous to the formation of O2 + NO in the nitrate radical dissociation recently

reported by North and co-workers[23] and interpreted theoretically by Morokuma and co-

workers[104]. Generally, roaming occurs at 3-4 Å, where the chemical bond is essentially

broken and the radial anisotropy of the potential may be exceeded by the angular anisotropy,

allowing roaming excursion to other reactive portions of the molecule to take place. These
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are often highly exoergic radicalradical reactions that take place at long range, giving rise

to high vibrational excitation and low rotational excitation in the new bond.

4.4 Conclusions

Roaming-mediated isomerization explains the bimodal NO distribution with low J -low

velocity (roaming) and high J -high velocity components (triplet decay). More insight is

clearly needed into the triplet pathway, which has been sketched here only vaguely. Infrared

multiphoton dissociation would also be very useful to verify that excited-state dynamics

are responsible for the fast, rotationally excited fragments. Based on these calculations

and on the large yield of NO in the presence of a barrierless pathway (giving NO2), if the

dominant source of NO on the ground electronic state is indeed a consequence of roaming-

mediated isomerization, then images from infrared multiphoton dissociation experiments at

comparable energies should only contain low-energy, low-J NO fragments. This would offer

a very general probe of roaming phenomena.
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Chapter 5

Photodissociation Dynamics of
Tetrachloroethylene

5.1 Introduction

This chapter presents the study of the dissociation dynamics of tetrachloroethylene using

state-resolved slice imaging approach. Tetrachloroethylene (C2Cl4, TCE) is an important in-

dustrial solvent that has received considerable attention due to its impact on the environment

as a soil contaminant and particularly as an atmospheric pollutant[105–109]. Despite its at-

mospheric impact, its photochemical behavior has not been deeply investigated, although

many studies have focused on the ultraviolet (UV) absorption spectroscopy of C2Cl4.[110–

115] Recently, our laboratory has begun using TCE as a precursor to produce Cl atoms for

scattering experiments, owing to its reduced toxicity and reactivity compared to the widely

used oxalyl chloride[116]. We here present a detailed investigation of its photodissociation

dynamics at two wavelengths, 235 and 202 nm, spanning the first broad absorption band.

Among many theoretical and experimental UV absorption studies reported previously

on TCE we will specifically mention only a few of the recently published articles in detail.

An ab initio study by Arulmozhiraja et al.[114] reported the excitation energies and the

oscillator strengths for the electronic transitions of TCE. They assigned a π∗← π transition

around 6.41 eV as the optically bright state. They were the first to identify and assign σ

←π∗, σ* ←n, π* ←n vertical transitions with 5.76 eV, 7.91 eV, 7.28 eV excitation energies,
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respectively. The πσ* is a 11B1u state and the lowest energy singlet transition. A recent

study by Eden et al.[115] reported the vacuum ultraviolet (VUV) spectrum of TCE employ-

ing photoabsorption measurements over the range of 3.8 eV -10.8 eV (325-115 nm). Their

absorption spectrum, reproduced in Fig. 5.1 , consists of two major bands at low energies and

more structured features at higher energies. Considering the previously reported experiments

and theoretical calculations, they identified the first low energy structure around 6.2 eV as

mainly the singlet valence π*←π transition. The low-energy shoulder appearing around 5.34

eV was assigned as a π*(C-Cl)← π (C=C) transition. The calculations of Arulmozhiraja et

al.[114] found the same transition at a slightly higher energy. The π*(C=C)←π(C=C) tran-

sition was associated to the major component of the first absorption band which lies around

5.9 eV. Furthermore, they assigned the features at 6.08 eV and 6.20 eV as the excitation of

the fundamental and the overtone of ν1, C=C stretch.

Previous studies on the UV photodissociation dynamics of mono- and dichloroethylene[117–

119] aid in understanding the photodynamics of TCE. Umemoto et al.[117] measured the

translational energy distribution of Cl and HCl following photodissociation of mono- and

dichloroethylene at 193 nm via the π* ←π transition. They found that HCl products were

formed in large abundance in vinyl chloride (VC), which they attributed to internal conver-

sion (IC) to a πσ* state. In dichloroethlyene, they found a second Cl product channel and

claimed it is due to a dissociation on an nσ* state. Tonokura et al.[118] measured the trans-

lational energy distribution as well as the angular dependence of the Cl products of mono-

and dichloroethylene and found two product channels. High translational energy products

were formed with a large anisotropy parameter of 1.0 and a low translational energy channel

was formed with a nearly isotropic, statistical distribution. They assigned the two channels

to electronic relaxation and dissociation from a πσ* state and the ground state, respectively.

This paper, we present a study of the photochemical dynamics of TCE following absorp-

tion at 235 nm and 202 nm, chosen to access the πσ* and ππ* transitions, respectively.
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Figure 5.1: The UV absorption spectrum of C2Cl4. The arrows denote the two excitation
energies used in the current work. Adapted with permission from S. Eden, B. Barc, N. J.
Mason, S. V. Hoffmann, Y. Nunes, and P. Limo-Vieira, Chem. Phys. 365(3), 150 (2009).
c©2009, Elsevier.

The absorption spectrum of C2Cl4 in Fig. 5.1 shows the absorption cross sections are quite

large: 6 ×10−18 and 4 × 10−17cm2 at 235 and 202 nm, with the latter near the peak of

the absorption. We use a two-color reduced-Doppler probe[49] in which two laser beams of

distinct frequencies are sent counter propagating into the chamber. One of the two beams

is responsible for the photodissociation, while both beams together are necessary for the

2+1 resonance enhanced photoionization (REMPI), which then takes place with enhanced

signal-to-noise, and with no need to scan the lasers to encompass the full Doppler profile of

the recoiling fragments.
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5.2 Experiment

A detailed description of the DC slice imaging apparatus employed in this experiment

is described elsewhere[39] and only a brief summary is given here. A pulsed supersonic

beam of TCE seeded 5 % in Ar gas with the backing pressure near 1 atm was introduced

into the source chamber operated at ∼ 10−5 Torr using a solenoid valve. Following pas-

sage through a skimmer, the molecular beam entered the main chamber, which was held

at a pressure near 10−7 Torr, and was intersected by two laser beams. In this experiment,

tetrachloroethylene was excited and dissociated with the resulting chlorine photoproducts

probed using REMPI through resonances of the Cl 4p 2D3/2← 2P3/2(84988.480 cm−1) and Cl*

4p 2S1/2 ← 3p2P1/2(85917.937 cm−1) transitions. We employed two-color reduced-Doppler

(TCRD) imaging[49] for the both transitions in order to acquire the full ion image without

scanning the broad Doppler profile of the Cl atom. For the lower energy transition, we used

two tunable UV beams each ∼ 100cm−1 on opposite sides of the resonance. The beams were

produced by sum frequency mixing of the third harmonic of seeded Nd: yttrium aluminum

garnet (Nd:YAG) lasers with the fundamental output of a dye laser pumped by the second

harmonic of the same Nd:YAG laser. Typical laser powers of the both beams were ∼ 1.2

mJ. One photon from either laser excited and dissociated TCE after which one photon from

each of the lasers excited the desired resonance for the REMPI process. We also carried

out photolysis at 202 nm using the TCRD imaging technique[49] in a similar manner. For

this purpose, we used UV pulses around 282 nm and 202 nm such that the sum of the

pulse energies is equal to the total energy of the each transition. We produced 202 nm

light by mixing the fundamental output of the dye laser pumped by the second harmonic

of the Nd:YAG laser in a beta-Barium Borate (BBO) crystal with the frequency doubled

of the output of the same dye laser produced in a potassium dihydrogen phosphate (KDP)

crystal after matching the polarizations of the beams using a waveplate. The 282 nm light

was produced by the doubling the fundamental output of the second dye laser pumped by
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the second harmonic of the Nd:YAG laser. The Cl atoms (2PJ) were ionized through the

same resonances as in the former case, although here the wavelength splitting between the

lasers was much larger. The typical powers of 202 nm and 282 nm were ∼1 mJ and 1.5

mJ, respectively. This approach is very sensitive and convenient, in that the molecule is

transparent to the 282 nm light, and there is no “probe only” background. The resulting

ions were accelerated and detected by a 120 mm diameter multichannel plate (MCP) detec-

tor coupled to a fast phosphor screen. A charged-coupled device (CCD) camera captured

the image, and a photomultiplier tube collected the total ion signal. The IMACQ/IMAN

megapixel imaging software[41] acquired and analyzed the resulting data. We obtained the

Cl/Cl* branching by scanning over both Cl transitions. For the 235 nm absorption, we used

a single laser in this case, while for the 202nm transition, we used the TCRD approach with

the 282 nm laser frequency fixed. We scanned these transitions multiple times to ensure

consistent results and measured the power of the UV beams throughout the experiment to

obtain constant signal levels. We adjusted our measured Cl/Cl* ratios using the REMPI

sensitivity to the two spin-orbit states reported by Regan et al.[120] using the equation

I(Cl∗)

I(Cl)
=
N(Cl∗)

S(Cl∗)
÷ N(Cl)

S(Cl)
=
N(Cl∗)

N(Cl)
, (5.1)

where I(Cl*)/I(Cl) is the branching ratio to be determined, N(Cl*)/N(Cl) is the inte-

grated experimental REMPI intensities, and the scaling factor, f = S(Cl)/S(Cl*). They

employed high-n Rydberg H atom time-of-flight measurements to obtain the Cl (2PJ) spin-

orbit branching for HCl photodissociation, determining the scaling factor f for the REMPI

sensitivity by comparing the raw REMPI intensities to the data obtained for the H atom

product. The resonance enhanced multiphoton ionization (REMPI) probabilities obtained

were through the 4p 2D3/2 ←2 P3/2 and 4p 2S1/2 ← 3p2P1/2 Cl-atom transitions (although

we note the latter transition was mislabeled as 4p 2P1/2.) Comparing the results from both

H and Cl probe, they derived the Cl:Cl* scaling factor f =1.06 ± 0.17. In our TCRD probe,

we are not assured of having the same scaling factor if, for example, one of the photon en-

ergies falls near an embedded resonance. This is not the case here, as the similarity in the
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branching at both wavelengths given below would seem to confirm.

5.3 Results

Figure 5.2 shows the DC sliced images of ground state (Cl) and spin orbit excited (Cl*)

chlorine atoms collected by photolysis of TCE at 235 nm with an acquisition of 100,000 shots

for each image. The right side of Figure 5.3 shows the corresponding translational energy

distributions extracted from the images. The image of ground state Cl has a clearly seen

sharp edge at high translational energy. The translational energy distribution for Cl peaks

around 1 eV and shows a sharp drop immediately after the peak, very near the indicated

limit of available energy. The Cl* shows a broad distribution with the peak around 0.75 eV.

Figure 5.3 shows the images recorded for Cl and Cl* at 202 nm, and the corresponding

translational energy distributions. In contrast to the image obtained at 235 nm, the ground

state image at 202 nm shows a dominant slow component (low ET ). Furthermore, the inten-

sity at higher translational energies is significantly lower compared to the images collected

at 235 nm.

The branching of Cl*/Cl products at 235 nm and 202 nm wavelengths are shown in Table

5.1. The relative contributions for Cl and Cl* were obtained by integrating the REMPI

Doppler profile for each wavelength, corrected by the scaling factor, f = 1.06 ±0.17 as

described above.[120] The results show a consistent branching of Cl:Cl* of 70:30 despite

the difference in the excitation energies. The average translational energies for Cl and Cl*

products, and the fraction of the available energy in translation, fT , are also shown. At

both excitations energies, the average translational energy release is similar for Cl and Cl*,

while the fraction of the available energy in translation is significantly larger at 235 nm than

202 nm.

Figure 5.4 shows plots for the Cl* branching versus the total translational energy for

the two dissociation energies. These were obtained by weighting the integrated translational

energy plots (P(E)s) for Cl and Cl* by the overall product ratio, then by taking the ratio of
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Figure 5.2: DC slice images and total translational energy distributions of C2Cl4 dissocia-
tion at 235.326 and 235.195 nm probed via Cl (2P3/2), 4p 2D3/2 ←2 P3/2 transition and Cl*
(2P1/2), 4p 2S1/2 ← 3p2P1/2 transitions, respectively. The arrows denote maximum product
translational energy assuming one photon excitation. The third plot is the difference of nor-
malized Cl and Cl* distributions. The latter is overlaid with Cl data from photodissociation
of vinyl chloride ; adapted from K. Tonokura, L. B. Daniels, T. Suzuki, and K. Yamashita,
J. Phys. Chem. A 101(42), 7754 (1997). c© 1997 ACS
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Figure 5.3: DC slice images and total translational energy distributions of C2Cl4 dissocia-
tion at 202.0 and 201.808 nm probed via Cl (2P3/2), 4p 2D3/2 ←2 P3/2 transition and Cl*
(2P1/2), 4p 2S1/2 ← 3p2P1/2 transitions, respectively. The arrows denote maximum product
translational energy assuming one photon excitation. The third plot is the difference of the
normalized Cl and Cl* translational energy distributions.
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Table 5.1: The Cl and Cl* product percentage yield, average translational energy (eV),
and fraction of available energy in translation, fT , at 235 and 202 nmUncertainty for the
branching is 2σ for four independent measurements

Branching ratio Average Translational Energy (eV) fT
Wavelength (nm) Cl Cl* Cl Cl* Cl Cl*

235 71.8(44) 28.2(44) 0.61 0.60 0.41 0.40

202 70.8(8) 29.2(8) 0.63 0.68 0.27 0.30

the Cl* P(E) to the weighted sum of the two P(E)s at each wavelength. At 235 nm, the plot

shows a sharp decline around 1 eV. On the other hand, at 202 nm, the ratio of the excited

molecules shows a similar albeit smoother drop around 1.5 eV. Both excitation energies show

a relatively constant percentage of excited state Cl* of about 30%, the same as the total

percentage.

The anisotropy parameters were obtained by fitting the angular distributions, integrated

over recoil velocity, to the well-known expression[28] :

Is ∝ 1 + βP2(cos θ), (5.2)

where θ is the angle between the photolysis laser and the direction of the fragment recoil

velocity, P2(x) is the second Legendre polynomial, and β ranges between 2 and -1. The

obtained anisotropy parameters (β) of Cl and Cl* are ∼ 0.05 at both excitation energies,

essentially isotropic.Anisotropy parameters, particularly near the higher velocity feature,

showed little difference and ranged from 0.01 to 0.08.

5.4 Discussion

We will begin our discussion with the DC sliced images and the translational energy dis-

tributions obtained at 235 nm as shown in Figure 5.2. Using gas phase enthalpy of formation

values from Bylaska et al.[113], we can calculate the maximum energy release available for

each wavelength. At 235.35 nm, the available energy is 1.5 eV, which is shown by the arrows
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Figure 5.4: Translational energy distributions of the fraction excited state Cl(2P1/2) for
both excitation energies at 235 nm and 202 nm. These two plots are obtained from the
distributions in Figure 5.2 and Figure 5.3, respectively.

on the translational energy distributions in Figure 5.2. The signal observed beyond the cut-

off point is likely due to the multiphoton dissociation of C2Cl4 or photodissociation of the

C2Cl3 radical product. We tried to minimize the multiphoton dissociation by reducing the

power of both UV pulses, but the translational energy distributions showed little difference

as laser power was reduced four-fold. The other distinct feature of the Cl distribution is the

sharp peak seen in translational energy curve just after the 1 eV, which is close to the limit

of the available energy for the Cl product. We conducted our experiment at 5.3 eV; the same

energy range assigned by Eden et al.[115] to the πσ* electronic transition. In this transition,

the electron is directly excited into the C-Cl antibonding orbital, rupturing the C-Cl bond
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and resulting in fast Cl atoms with little internal excitation of the C2Cl3 radical co-product.

This direct dissociation process creates the sharp peak in the translational energy distri-

bution. The remaining lower energy component is either due to photo absorption into the

tail of the ππ* absorption underlying the πσ* feature, followed by internal conversion (IC)

and dissociation of a longer-lived intermediate, or to ultrafast IC directly competing with

dissociation from the repulsive πσ*ultimately leading to a state that dissociates more or less

statistically.

Next we will move on to the DC slice images and the translational energy distributions

obtained at 202 nm. The calculated available energy at 202 nm is 2.3 eV, which is indicated

by the arrows on the energy distributions in Figure 5.3. At 202 nm, the signal observed due

to the multiphoton ionization is lower than in the case of 235 nm consistent with the six-fold

stronger parent absorption at this wavelength.

The ground state Cl atom translational energy distribution can be explained by the bound

ππ* state, and its subsequent transitions to lower-lying states. Ashfold et al.[121] recently

presented a comprehensive review of photochemistry of πσ* states that are often accessed

following excitation of ππ* states through nonadibatic coupling or conical intersections.

Similar to what we have seen with at 235-nm excitation, these πσ* states are dissociative.

However, the ππ* state is bound, so dissociation will either be by IC to a lower-lying state or

to a repulsive excited state. As we see a similar change in the Cl*/Cl ratio from excitation at

202 nm, we conclude that this is due to either remaining excitation of the πσ* state or fast,

nonadibatic transition from the ππ* state to a repulsive state. However, the low intensity

at high translational energies in the both the Cl and Cl* energy distributions suggest little

or no coupling to the πσ* surface in this case, with dissociation taking place via lower-lying

triplet states or the ground state instead.

Vinyl chloride (VC) is likely to have similar dissociation dynamics as C2Cl4 and is a

useful subject for comparison. Tonokura et al.[118] obtained images and Blank et al.[122]

time-of-flight spectra from the photodissociation of VC at 193 nm, and determined that the
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excitation was to a ππ* state. A bimodal distribution was observed with fast fragments

strongly dominating, and in this case, an anisotropic angular distribution. The ππ* state

is bound, so dissociation requires IC to either another excited state or the ground state. It

was generally thought the πσ* repulsive state was responsible for high translation energy

fragments; however, Arulmozhiraja et al.[119] calculations suggest instead it is the nσ* state.

While this nσ* is higher in energy than the ππ* state, as the Cl bond breaks, the nσ* state

crosses and couples with the ππ* state forming an avoided crossing and leading to fast

dissociation. The πσ* state couples to the ππ* state as well, but this requires C=C out-

of-plane twisting motion. They concluded that this would lead to slower Cl products. The

Cl products of the VC photodissociation show mainly a strong, highly anisotropic peak

around 1 eV translational energy, superimposed on a much smaller component peaking near

zero translational energy. The fast component strongly resembles the fast component in the

ground state Cl from TCE at 235 nm. The slow component in vinyl chloride was ascribed

to IC to the ground state. In the VC absorption spectrum, there is no evidence of the πσ*

shoulder as seen in TCE, so the excitation at 193 nm is believed to be dominated by the ππ*

state. Still, the results from both dissociation energies suggest some interesting distinctions

between TCE and VC. For the ππ* excitation in TCE, we see little evidence of IC to repulsive

surfaces, and in fact the only evidence of these is in the ground state Cl at 235nm, which is

likely from direct excitation to the πσ* surface. Instead, TCE dissociation is dominated by

what appears to be statistical dissociation on lower-lying states. This difference is likely due

to the change in the relative energy of the excited states in these two molecules. In going to

from VC TCE, addition of halogens stabilize the ππ* state due to electronegative inductive

effects, while destabilizing the π state due to interaction of nonbonding Cl orbitals with the

vinyl group; thus, the ππ* state is lower in energy by over 0.5 eV in TCE compared to VC;

However, the nσ* state is nearly the same energy.[119] Potential energy surface calculations

of Cl bond stretching are not available for TCE, but it is likely that the coupling between

these two states could leave a barrier that is too large for TCE to dissociate via the nσ*
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surface. The πσ* state could be involved, but that would require energy to be left in C=C

twisting motion leading to less remaining energy available for translational energy. Perhaps

more important, for TCE the πσ* states are lower in energy than the ππ* state,[114] meaning

that there are no direct crossings and IC is required for an transfer between the two surfaces.

Indeed, at 202 nm, as discussed below, we see no evidence of the fast Cl indicating a fast,

repulsive pathway; whereas, the image obtained using 235-nm excitation shows a sharp peak

and at the same time a drop in Cl*/Cl ratio. We conclude this is the signature of dissociation

of the πσ* state.

The branching ratio for Cl and Cl* at 235 nm and 202 nm are quite similar. The ratio we

observe is near the statistical 2:1 ratio of the degeneracy of the two states, albeit with a slight,

energy-dependent deviation from this. We observe the greatest deviation from the average

for the ground state Cl product precisely at the energy where we expect to see the greatest

contribution for the πσ* dissociation. The energy distributions of Cl* fragments themselves

contain no analogous sharp feature, suggesting that Cl* is a much smaller fraction of the

product via the πσ* excitation. In the case of 202 nm photodissociation, the Cl* fragments

peak at slightly higher energies than the Cl fragments. For a statistical dissociation from

the ground state, there would be little difference. The Cl* translational energy distribution

in particular appears to have a feature that abruptly ends just before 1 eV. The ground

state also contains this feature as a double peak or perhaps a plateau with the feature due

to IC to the ground state. This change in the maximum of the Cl* image may be due to

some remaining underlying dynamics. For example, there are lower lying triplet surfaces,

particularly the triplet πσ* states, that could be accessed as the molecule dissociates, and

coupling to the πσ* state itself is a possible candidate as the required C=C twisting motion

could lead to slower fragments. Another possibility is secondary dissociation of another Cl

atom. Heat of formation data suggest that another 1.2 eV of energy is required[113, 123].

This would be energetically possible at the 202 nm dissociation, but barriers along this

channel could preclude it.
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It may seem surprising that the anisotropy parameters for the images are near zero with

a component clearly evident from fast dissociation at 235 nm. The UV photodissociation

study of vinyl chloride by Tonokura et al.[118] determined the anisotropy parameters for Cl

photofragments. They obtained β 1.0 consistent with fast dissociation. Furthermore, their

ab initio calculations predicted β as 1.0 with the transition dipole moment lying 34◦ from

to the C-Cl direction. In contrast, we have a fully chlorinated system. Here, the transition

dipole moment should be lying along the molecular axis of the C=C bond. We carried out

time-dependent density functional theory calculations at the B3LYP/6-311 + d level using

the Gaussian 09 package[100]. We found several excited states with significant oscillator

strengths near the energy range considered, consistent with previous work. We found the

angle between the C-Cl and the dipole moment direction was 54.6◦ for these states, implying

a theoretical β value for axial recoil of 0.02, which is near isotropic and consistent with our

experimental results. This angle between the transition dipole moment and the C-Cl bond

will not result in any observed anisotropy regardless whether the dissociation is fast or slow.

We can thus conclude that the sharp cutoff that is most apparent in the Cl image at 235 nm

occurs as a result of direct dissociation on a repulsive surface, with the absence of anisotropy

due to the geometry of TCE. For the Cl* product, and the Cl product at 202 nm, we might

not expect any anisotropy, as the dissociation may not be rapid; in any case, we do not

expect to observe any anisotropy given the geometry of the parent molecule.
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5.5 Conclusions

We have studied the UV photodissociation of C2Cl4 near 235 nm and 202 nm using a

two-color reduced-Doppler dissociation/probe strategy with DC slice imaging. We reported

the translational energy distributions and the recoil-energy dependent branching ratios of Cl

fragments in the ground state Cl(2P3/2) and the excited state Cl*(2P1/2). At 235 nm, the

dissociation occurs in part via a πσ* excitation yielding more Cl product, whereas at 202

nm, excitation is exclusively to the ππ* state with IC to other states preceding dissociation.

The near-statistical branching ratio and broad translational energy distributions peaking at

lower energy at both wavelengths is due to a large contribution from IC and dissociation from

the ground state or lower-lying states of C2Cl4. A fast component with diverging product

yield tending towards Cl is due to direct dissociation on the πσ* that is accessed through

direct excitation and not likely due to electronic transfer from the ππ* state. All the images

are nearly isotropic, with anisotropy parameters (β)∼ 0.05.
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Chapter 6

Slice Imaging Studies of Nitric acid
Photodissociation:
O(1D) + HONO channel

6.1 Introduction

This chapter presents the slice imaging studies of nitric acid photodissociation using the

state-resolved imaging approach. The ultraviolet photodissociation of nitric acid is of con-

siderable importance in Earth′s atmosphere[124], motivating many studies of its dissociation

processes, branching ratios and quantum yields [125–136]. In recent years it has become

clear that in the region of the intense deep UV absorption to the S3 (2 1A′) excited state at

190 nm, the products O(1D) + HONO dominate over the OH + NO2 (1 2B2) channel despite

being energetically disfavored by 2 eV [136]. There is some disagreement over the angular

distributions, and the dynamical studies in this region have exclusively used photofragment

translational spectroscopy (PTS), first by Huber and coworkers[127], and later by the Butler

group.[132] This system is thus a promising one for application of the high-resolution DC

slice imaging approach, as state-correlated product distributions may be used to gain deeper

insight into the dissociation mechanisms and resolve some of these open questions.

The ground state of HNO3 is planar, of 1A′ symmetry, and there is a weak transition

at 260 nm accessing the S1 (1A′′) state[137]. This state exclusively dissociates to OH +

NO2, and it has been the subject of numerous studies [126, 130, 132]. There is another 1A′′
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state at 337 nm with little oscillator strength, and the broad S3 absorption mentioned above

peaking at 190 nm[137]. This transition is described by Bai and Segal as a mixture of nπ∗

and ππ∗ transitions. Although the ground state is planar, all of these excited singlet states

possess similar pyramidal equilibrium geometries.[137] Product branching at 193 nm was

reported by Butler and coworkers[132] based on analysis of the PTS results: they concluded

total branching to O atom formation of 67%, with 54% to O(1D) and the remainder to

ground state O(3P). Formation of OH + NO2 accounted for the remaining 33%, including

both ground state and electronically excited NO2. There is rough agreement between these

determinations and results from Ravishankara and coworkers[126] who reported quantum

yields for O(1D) at 193 and 222 nm of 33% and 7%, respectively.

In this study, O(1D) is sensitively probed via 2+1 resonant ionization at 205 nm (1P1 ←← 1D1)

and 203 nm (1F3 ←←1D1), allowing us to perform convenient “1-laser” (both dissociation

and probe) imaging studies following excitation to the S3 state.

6.2 Experimental section

The detailed description of the experimental setup employing the DC slice imaging ap-

proach has been described previously[37–39] and only a brief outline is given here. Fuming

HNO3 acid (99.5%, Sigma Aldrich) was bubbled with Ar to remove traces of NO2. O(1D)

images from NO2 were also recorded and compared to ensure that there was no residual

contamination of the HNO3 signal. Argon was then also used as a carrier gas to deliver 5%

HNO3 at a backing pressure of 2 bar into the source chamber operated at 10−5 Torr. A su-

personic molecular beam of the resulting gas mixuture was generated by expansion through

a solenoid valve. This molecular beam entered the main chamber, held at 10−7 Torr, through

a 1 mm skimmer. A linearly polarized laser intersects the molecular beam perpendicular to

the propagation axis. The tunable UV laser beam was produced by the frequency doubling

of the fundamental output of a dye laser (Spectra-Physics Sirah) pumped by the second

harmonic of a Nd:YAG laser (Spectra-Physics Quanta-Ray PRO-250) in KDP, then mixing
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the fundamental and doubled light in a BBO crystal after matching the polarization using a

waveplate. Dissociation of the HNO3 and probing of the O(1D) product was accomplished by

a single laser beam, linearly polarized parallel to the detector face. The O (1D) was probed by

2+1 REMPI through the 1P1 ←←1D2 (205.4 nm) and 1F3←←1D2 (203.8 nm) transitions.

The output power of the laser was ∼1.4 mJ . The laser frequency was continuously scanned

across the Doppler profile during image acquisition. The resulting O+ ions were detected by

a 120 mm microchannel detector (MCP) coupled to a fast phosphor screen where the gate

of the time of flight was set to detect the mass of the O atom. For the DC slice imaging

approach a ca. 60 ns gate was applied on to the MCP in order to select the center of the ion

cloud. The phosphor screen was monitored by a CCD camera and a photomultiplier tube.

Ion impact spots were centroided prior to integration. The imaging acquisition and analysis

were done by our IMACQ Megapixel imaging software as reported previously.[41] DC sliced

velocity images were calibrated by the detection of N2 from the photodissocaiton of N2O at

203.6 nm.[138]

6.3 Results

DC slice images of photodissociaton of HNO3 obtained at 205.4 nm and 203.8 nm are

shown in Fig. 6.1. Each image was acquired by averaging 100,000 shots. Images 1P1 and

1F3 were obtained by probing the O(1D) atom via the1P1←←1D2(2 × 48668.3 cm−1) and

1F3←←1D2(2×49064.2 cm−1) transitions, respectively. Both images consist of 4 rings show-

ing a parallel transition. Figure 6.1 shows the corresponding translational energy distribu-

tions obtained from the images. As mentioned in the experimental section, the calibration

was performed using the image on a single N2 rotational level from N2O photodissociation.

The translational energy plots show 4 peaks which correspond to each ring in the DC slice

images. For 1P1 and 1F3 images, the position of each peak is roughly the same (there is only

500 cm−1 difference in available energy) but the intensities of each ring vary. In particular,

the intensity of the sharp peak at low translational energy is significantly larger for HNO3
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dissociation at 203 nm (1F3 probe) than for dissociation at 205 nm (1P1 probe).
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Figure 6.1: DC slice images and translational energy distributions of HNO3 dissocia-
tion at 205.1 nm and 203.8 nm probed via the indirect transition of O(1P1←←1D2) and
O(1F3←←1D2)

The images show additional structure beyond that expected for the scattering distribution

following one-photon dissociation. This is clearly a manifestation of polarization of the O(1D)

orbital which modulates the detection efficiency, a v-J vector correlation. It is most apparent

on the second ring of the 1P1 probe transition. The angular momentum polarization of atomic

products in photolysis of important atmospheric polyatomic molecules has been the subject

of many recent publications. [29–34] It is most apparent on the second ring of the 1P1 probe

transition.

Figure 6.2 shows the angular distributions obtained for each ring of the images. To

understand the structure in these images, we consider the angular momentum distribution

of O(1D) from the photodissociation of HNO3 molecules and its manifestation in these “1-

laser” experiments.
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Figure 6.2: Angular distributions of the O(1D) recoil velocity from the ∼ 204 nm pho-
todissociation of HNO3 for each of the four primary HONO co-product vibrational states
as measured via the 1F3 ←←1D2 and 1P1 ←←1D2 oxygen transitions. The smooth curves
denote the fit of Eq. 6.6 to experimental data.
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Table 6.1: Fitted β parameters, shown in Fig. 6.2

1P1
1F1

β2 β4 β6 β2 β4 β6
Inner 0.46 -0.12 -0.001 0.64 -0.03 0.002
2nd 0.42 -0.35 0.008 0.68 -0.16 -0.02
3rd 0.33 -0.15 -0.09 0.94 0.005 -0.04
Outer 0.79 0.07 -0.02 0.68 -0.18 -0.02

The theoretical calculations were done by the assistance of our collaborator Prof. Oleg

S. Vasyuntinskii. Given the laser light source is linearly polarized parallel to the laboratory

Z-axis, the expression for the experimental signal is:[35]

Is = C

[
ρ00 +

P2

P0

ρ20 +
P4

P0

ρ40

]
, (6.1)

where ρK0, K = 0, 2, 4 is the photofragment state multipole[139] and PK is the two-photon

line strength factor.[140] As shown earlier by Mo and Suzuki [141], absolute linestrength

factors are difficult to obtain, but the relative values may be easily calculated for these

transitions. For the transition 1F3 ←←1 D2 the ratios of the linestrength factors are

P2/P0 = 0.68, P4/P0 = −0.11; for the 1P1 ←←1 D2 transition, they are -0.60 and -1.1,

respectively.[140, 141]

The expressions for the fragment state multipoles in Eq. 6.1 can be presented in the

form: [142]

ρ00(θ, φ) =
1

4π
√

2jA + 1
[1 + βP2(cos θ)], (6.2)

ρK0(θ, φ) =

√
2K + 1 VK(jA)

4π
√

2jA + 1

{
dK00(θ)

(
sK − 2αKP2(cos θ)

)
−
√

6 γKd
K
01(θ) sin θ cos θ −

√
6

2
ηKd

K
02(θ) sin2 θ

}
, (6.3)

where P2(cos θ) is the second order Legendre polynomial, dKQQ′(θ) are Wigner d-functions, and

the rank K can take the values K = 2 and K = 4. Note that these Legendre polynomials,

with cos θ arguments, are distinct from the linestrength factors above.
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The anisotropy parameters αK , sK , γK and ηK in Eq. 6.2, embody the full description

of the orbital alignment that can be probed via a two-photon transition. In the case of

photodissociation of a linear molecule in the absence of Coriolis interactions, the parameters

αK and sK represent contribution to the photofragment alignment from incoherent excita-

tion via perpendicular and parallel transitions, while the parameters γK and ηK represent

contribution from coherent excitation[140].

In the more general case of photolysis of an arbitrary polyatomic molecule, the interpreta-

tion given above may not be strictly valid, because each of the parameters can contain contri-

butions from incoherent parallel and perpendicular excitations as well as contributions from

coherent excitations.[143, 144] However, as recently shown by Shternin and Vasyutinskii,[143]

the angular distributions in Eqs. 6.2 and 6.3 remain valid for any photolysis reaction. Each

anisotropy parameter in Eq. 6.3 is proportional to a certain universal anisotropy transform-

ing coefficient cKkdq , where K is the photofragment rank, kd = 0, 1, 2 is the rank of the

photolysis light polarization matrix, and q is the projection of each of the ranks K and kd

onto the recoil axis. The projection q = Ω-Ω′ the coherence between the helicity states

and Ω and Ω′ of the product angular momentum onto the recoil axis. In perticular, C2
20

= -
√

30V2(jA)α2, C2
00 = -

√
15V2(jA)s2, C2

21 = -
√

15/2V2(jA)γ2 and C2
22 = -

√
15/2V2(jA)η2

Moreover, Shternin and Vasyutinskii have proved[143] that the coherent quantum number q

= 0,±1,±2 is a constant of motion, which is preserved in the photolysis of any polyatomic

molecule, irrespective of the reaction mechanism.Usually the anisotropy parameters are de-

termined in imaging experiments by recording images in several experimental geometries to

isolate particular contributions.[140] In these one-beam experiments, this is not possible, so

we develop an approximate treatment to examine the dominant features. A more detailed

study of the O(1D) polarization will follow in a future publication.
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Substituting Eqs. 6.2 and 6.3 into Eq. 6.1, the latter can be rewritten as:

Is = C ′

[
1 + βP2(cos θ) +

√
5P2

P0

V2jAP2(cos θ)

[
s2 − 2α2P2(cos θ) +

3P4

P0

V4jAP4(cos θ)

]
× [s4 − 2α4P2(cos θ))− 3

√
5P2

P0

V4jAγ2 sin2 θ(cos2 θ)

− 3
√

5P2

P0

V2jAη2 sin4 θ

+
3
√

30P4

4P0

V4(jA)γ4(sin
2 θ cos2 θ)(3− 7 cos2 θ)

+
3
√

15P4

8P0

V4(jA)η4(sin
4 θ)(1− 7 cos2 θ)]

(6.4)

Expansion over the the Legendre polynomials gives:

Is = C ′

[
1− 2

√
5

5

P2

P0

V2(α2 + γ2 + η2) +

(
β +

2
√

5P2

7P0

V2(
7

2
s2 − 2α2 − γ2 + 2η2)

)

− 2P2

7P0

V4(6α4 +
√

30γ4 +
√

15η4)(P2 cos θ)

− (
9
√

5P2

35P0

V2(4α2 +
8

3
γ2 +

2

3
η2)−

3P2

4P0

V4(s4 −
40

77
γ4 +

12
√

15

77
)P4(cos θ)]

−
(

2P2

11P0

V4(15α4 − 2
√

30γ4 +
√

15η4)P6(cos θ)

)
]

(6.5)

Equation 6.5 shows that in general the experimental signal can be presented in the known

form

Is(θ) ∝ 1 + β2P2(cos θ) + β4P4(cos θ) + β6P6(cos θ), (6.6)

A fit of Eq.6.6 to the angular distributions shown in fig. 6.2 furnishes optimized values

for β2, β4, and β6, shown in table 6.1. Note that the second term in the first line in the

rhs in Eq. 6.5 is proportional to the total photofragment alignment averaged over all recoil

angles, which is usually small in photolysis of polyatomic molecules.
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Neglecting the second term in the the first line in the rhs in Eq.6.5 compared with the

unity, the relationship between the β2, β4, and β6 parameters in Eq. 6.6 and the anisotropy

parameters β, α2, α4, s2, and s4 in Eqs. 6.6 can be presented as:

β2 = β + 2
√
5

7
P2

P0
V2(

7
2
s2 − 2α2 − γ2 + 2η2)− 2P4

7P0
V4(6α4 +

√
30γ4 +

√
15η4) (6.7)

β4 = −9
√
5

35
P2

P0
V2(4α2 − 8

3
γ2 + 2

3
η2) + 3P4

P0
V4(s4 − 40

77
α4 − 2

√
30

77
γ4 + 12

√
15

77
η4) (6.8)

β6 = −2P4

11P0
V4(15α4 − 2

√
30γ4 +

√
15γ4) (6.9)

The resulting six equations arising from the 1F3 ←←1D2 and 1P1 ←←1D2 transitions

contain nine unknown anisotropy parameters and therefore cannot be resolved in general

within the condition of our one-laser experiment. However, an approximate treatment of the

problem is possible and given in Sec. IV.

6.4 Discussion

We begin our discussion of these results with an examination of the translational energy

distributions, after which we will turn to the angular distributions and orbital polarization.

The structure observed in the total translational energy distributions, shown in Fig. 6.1, is

due to the vibrational excitation of the HONO co-product; the lowest electronic excitation

of HONO is inaccessible.[145] HONO exists in two isomeric forms, cis and trans, with the

trans isomer 200 cm−1 lower in energy and a barrier of 3500 cm−1 separating them.[146] Ab

initio calculations by Bai and Segal[137] reported the molecular geometry of the S3 excited

state of nitric acid as pyramidal, with NO bonds bent 30◦ below the N-OH bond, and the

O-H bond rotated 90◦ above the molecular plane, as depicted in Fig.??. This suggests a

HONO product that is predominantly trans, and therefore we will focus our attention on

this isomer, although the vibrational frequencies are quite similar for both HONO species.

There are six vibrational modes in trans-HONO, and their frequencies and character are
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Figure 6.3: The geometries of HNO3 ground state, excited state(S3), and trans-HONO

presented in Table 6.3. It is clear that there are too many possible modes and combinations

to make unique fits to the four broad peaks we observe. To understand the likely vibrational

excitation in the HONO co-product, we thus consider the relations between the starting

equilibrium geometry, the excited state geometry, and the HONO product, to look for large

changes during the excitation and dissociation process. Table 6.2 shows the comparison

of the molecular geometries of ground state HNO3 (11A′), S3 excited state HNO3 (21A′),

and t-HONO.[145, 147] Changes in N-O bond length and O-N-O bond angle are the major

geometric adjustments to occur during the excitation from the ground state to the S3 excited

state and subsequent formation of t-HONO.

The N-O bond length increases during the excitation and then decreases to a shorter

length than in the ground state. This suggests significant excitation in the N=O stretching
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Table 6.2: The table of geometries of HNO3 and trans HONOa) Ref. [137] b)Ref.[145]

State Geometry
ROH RNO RNO2 O1NO2 O2NO3 HO1N

HNO3 S0(1
1A′) 0.95 1.39 1.22 115.0 130.0 102.a

HNO3 S3(2
1A′) 0.95 1.47 1.30 108.6 112.8 103.3a

t-HONO 0.96 1.43 1.17 110.7 - - 103.0b

mode. Change in the O-N-O bond angle from 115◦ to 108.6◦ during S3 ← S0 excitation, and

then back to 110◦ in ground-state t-HONO likely induces excitation of the O-N-O bend. This,

in conjunction with excitation to the pyramidal S3 state in HNO3 prior to dissociation, excites

movement primarily in three main vibrational modes: the OH out of plane twist (ν1) ,O-N-O

bend (ν2) and N=O stretching (ν5). Therefore, neglecting possible exit channel dynamics, the

translational energy distributions likely reflect excitation of these three dominant vibrational

modes. According to the vibrational frequencies of t-HONO given in table 6.3, the difference

between ν1 and ν2 is about 50 cm−1. Thus the combination bands arising from vibrations

of ν1 and ν2 cannot be distinguished separately. Furthermore 2ν1+ ν2 is roughly equal to

one quanta of ν5. Therefore we are unable to make unambiguous assignment for each peak

of the translational energy distribution. However, in figure 6.1 we overlay the ν5 vibrational

mode spacings, as we expect this to be the dominant high frequency excitation, with low

frequency combinations superimposed on this.

We note that the vibrational energy in HONO corresponding to the sharp low energy

peak O(1D) translational energy distribution is greater than four quanta of ν5. This peak

is particularly interesting in that it is so sharp, and it grows so quickly with the modest in-

crease in excitation energy. Although our results provide no direct insight into the rotational

excitation of HONO, it is likely to be significant, particularly for the faster HONO product,

given the impulsive recoil, large bending excitation expected, and finite exit impact param-

eter. Future trajectory studies would be very useful to investigate this and to understand

the detailed origin of this distinct vibrational structure we observe.
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Table 6.3: Vibrational frequencies of HONO [145]

Vibrational frequency(cm−1) Vibrational excitation

544 ν1 τ(O-H)

598 ν2 δ(ONO)

793 ν3 σ(O-H)

1263 ν4 δ(NOH)

1698 ν5 σ(N=O)
3590 ν6 σ(O-H)

We now consider the β parameter values and the O(1D) orbital polarization. The fits

to the angular distributions in Table 6.1 show that the terms related with β6 give only a

minor contribution to the signals observed for both the 1F3 ←←1D2 and 1P1 ←←1D2 probe

transitions. Moreover, the corresponding β6 values are quite small. Therefore, we neglected

all anisotropy parameters α4, γ4, and η4 in Eqs. 6.7-6.9 the following analysis. The simplified

Eqs. 6.7 and 6.8 were solved for the 1F3 ←←1D2 and 1P1 ←←1D2 transitions giving the

parameters β, s4 and the parameter combinations ( 7
2
s2− 2α2− γ2 + 2η2), (4α2− 8

3
γ2 + 2

3
η2)

shown in Table 6.4. The β values show a significant recoil velocity dependence and vary

from 0.47 to 0.84, with the faster O(1D) product having the larger β anisotropy parameter.

These values are significantly lower than the 1.4 value measured by the Butler group;[132]

although they compare favorably with β = 0.6 reported by Felder et al..[127] It seems that in

the Butler study, they focused on the faster O atom product to avoid possible contamination

from clusters, and this may have contributed to the greater anisotropy observed.

The β values show a significant recoil velocity dependence and vary from 0.53 to 0.74,

with the faster O(1D) product having the larger β anisotropy parameter. These values are

significantly lower than the 1.4 value measured by the Butler group[132]; although they

compared favorably with β = 0.6 reported by Huber and coworkers.[127] It seems that in

the Butler study, they focused on the faster O atom product to avoid possible contamination
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from clusters, and this may have contributed to the greater anisotropy observed.

In the axial recoil limit, a theoretical anisotropy parameter β can be calculated based

on the angle ϕ between the transition dipole moment µ and the recoil velocity v: β =

2P2(cosϕ).[28] In the case of HNO3, µ lies in the molecular plane, parallel to the terminal

oxygens.[132] Assuming prompt dissociation from the ground state and recoil along the

bond axis, ϕ = 25◦ determined from the geometry reported in Table 6.2 gives a theoretical

β = 1.47, as reported by Butler’s group.[132] For the pyramidal S3 excited state equilibrium

geometry, the analogous calculation gives a predicted β value of 0.98, still significantly more

anisotropic than that we observe and reported by Huber. Back-calculation of the β’s reported

here correspond to O2-N-O3 bond angles of 91◦-99◦, in contrast to the 130◦ in the ground

state and 112.8◦ in the S3 excited state. It is postulated that the N=O bond cleavage

occurs when the O-N-O bending excitation has overshot the S3 equilibrium geometry, and

the extent of bending excitation, reduced translational energy, and lowered anisotropy, are

all correlated.

Table 6.4 reports the anisotropy parameters s4 and the parameter combinations ( 7
2
s2 −

2α2−γ2 +2η2), (4α2− 8
3
γ2 + 2

3
η2) as calculated using both the 1F3 ←←1D2 and 1P1 ←←1D2

transitions according to Eqs. 6.7 and 6.8 and the data in Table 6.1. The contribution from

the s4 alignment mechanism seems to be significant in our experiment, in particular for the

second ring in the images. The obtained s4-values can be compared with that obtained for

N2O photodissociation[142] [s4 = (9 ± 2) × 10−3] and with the possible physical range[35]

(s4 = -1/5. . .1/5). Direct determination of the parameters s2, α2, γ2, and η2 from the

parameter combinations above is not possible for a one-laser experiment and needs further

approximations. Here we assume that the contribution from the “coherent” parameters γ2

and η2 can be neglected as they do not appear to contribute significantly to the experimental

images in Fig. 6.1. In that case, the parameters α2 and s2 can be easily obtained, and their

values are also given in Table 6.4. It is clearly seen from Table 6.4 that the anisotropy

parameter α2 has its value close to zero, while the anisotropy parameters s2 (and s4 ) are
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significant, although the uncertainty in the determined s2 parameters is large. Note that both

αK and sK anisotropy parameters refer to the contribution to the photofragment angular

momentum alignment from incoherent (q = 0) mechanisms. The difference between these two

sets of parameters is that αK refers to the alignment which does not vanish after averaging

over all recoil angles, while sK refers to the alignment which exists only in the molecular

frame and vanishes after averaging over all recoil angles[35, 140]. Moreover, αK ∝cK20 and

sK∝ cK00 [143] which means that αK refers to the alignment of the photolysis light polarization

vector e, while sK refers to the isotropic part of the photolysis light and therefore reflect

only the anisotropy of the intermolecular interactions during the photolysis. The dominant

contribution from the sK alignment mechanism seems to be usual in the photodissociation

of polyatomic molecules, where the alignment usually exists in the molecular frame and

vanishes after averaging over all recoil angles[35]. In addition, upon examining the sK terms

we see the alignment related to the higher order K = 4 term is important for certain rings

in the images in Fig. 6.1, which is particularly apparent in the image obtained through

the 1P1 probe as a result of the larger P4/P0 line strength factor compared to the 1F3

transition. We emphasize, however, that the conclusion about theminor role of the coherent

photodissociationmechanism related to the parameters γK and ηK is tentative and should

be proved in the future using a two-laser experimental scheme.

Much of the study of the photodissocation of HNO3 has focused on the OH+NO2

channel[130, 131, 148, 149]. The dominant channel for the photodissocation of HNO3 at

193 nm, however, is O + HONO with quantum yields of 0.67[127, 132]. Recently Huber and

co-workers[136] studied the wavepacket dynamics of HNO3 in a two-dimenisional treatment

fixed in the planar geometry. A key interest in the work was accounting for the remarkable

preference for O(1D) production despite the presence of a much lower energy, barrierless

process forming OH+NO2. They found that on the S3 potential energy surface about 60% of

the products form O(1D) + HONO, and the reason is a much steeper slope of the potential

along that dimension. It will be very interesting to see how these trends are manifested in
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Table 6.4: Calculated anisotropy parameters for each of the four primary HONO vibrational
states

Inner 2nd 3rd Outer

β 0.48(15) 0.47(9) 0.64(7) 0.84(12)

s2 0.08(14) 0.24(5) 0.08(4) 0.04(14)

( 7
2
s2 − 2α2 − γ2 + 2η2) 0.11(20) 0.08(14) 0.36(22) -0.19(30)

(4α2 − 8
3
γ2 + 2

3
η2) 0.01(1) -0.12(4) -0.04(6) -0.17(8)

α2 0.002(8) 0.029(10) -0.010(16) -0.042(20)

s2 0.40(90) 0.10(70) 1.2(12) -1.0(16)

a full-dimensional treatment, which is clearly called for based on the angular distributions

and vibrational excitation we observe.

6.5 Conclusions

Here we report the translational energy and angular momentum distributions of the

O(1D) product from HNO3 photodissociation near 204 nm. The vibrational energy distribu-

tion of the HONO coproduct, as seen through the O(1D) translational energy distribution,

shows significant vibrational energy remaining in the molecule. Analysis of the angular dis-

tributions from both the 1F3 ←←1D2 and 1P1 ←←1D2 O probe transitions resulted in a

O(1D) recoil velocity-dependent β of 0.5-0.7. Substantial alignment of the O(1 D) orbital was

observed and analyzed using an approximate treatment demonstrating that the polarization

is dominated by incoherent, high order contributions. These results offer additional insight

into the dynamics of the dissociation of nitric acid through the S3 (2 1A′ ) excited state,

helping to resolve some outstanding questions and pointing the way to future studies.
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Chapter 7

Conclusions and Prospectus

This dissertation presents the unimolecular photodissociation dynamics studies carried

out using the state-resolved sliced ion imaging method. In the acetone photodissociation

study, the CO fragments produced from photodissociation of acetone at 230 nm presents a

bimodal distribution. This observation provides information regarding the photodissociation

dynamics of acetone, suggesting it undergoes roaming dynamics analogous to the reported

roaming dynamics in formaldehyde photodissociation and others. Furthermore, another type

of roaming mechanism is introduced in the study of nitrobenzene photodissociation. This

study, which is a combined theoretical and experimental approach, illustrates that the NO

generated from nitrobenzene photodissociation undergoes isomerization prior to the C6H5O-

NO simple bond rupture; this isomerization process is shown to proceed via a roaming

mechanism, therefore it is referred to as “roaming mediated isomerization”. Nitromethane

is so far the only nitroalkane that has been studied to show roaming mediated isomerization.

Nevertheless, our attempts to study higher nitroalkanes using a nanosecond pulsed laser was

unsuccessful due to the fast photodissociation of excited state fragments. Nitroethane has

following major dissociation pathways[150].



84

C2H5NO2 → C2H5 +NO2 (7.1)

C2H5NO2 → C2H5O +NO (7.2)

C2H5NO2 → C2H4 +HONO (7.3)

The calculated barrier height for isomerization, C2H5ONO is higher than the simple bond

fission symptom of C2H5-NO2 which is analogous to the nitromethane case. However, ac-

cording to DFT and G3 calculations, one significant difference is that the HONO elimination

channel is 11 kcal/mol lower than the simple bond fission of C2H5 + NO2 [151]. Although

this suggests that at lower energies, HONO is the major product, at higher energies roaming-

mediated isomerization would likely dominate.

We investigated nitroethane, nitropropane and 2-nitropropane at 226 nm. Nitroalkanes

were photodissociated and ionized using a single laser beam at 226 nm and the generated

NO was probed at various rotational levels:(J= Q1(10.5), Q1(29.5), Q1(35.5), P1(50.5)) via

(1 + 1) REMPI through (ν=0) A← X transitions. Figure 7.1 presents the image obtained

at J = 50.5 for nitroethane and the translational energy distribution extracted from this

image. The nitropropane and 2-nitropropane images are similar thus they are not shown

here.

Obviously, the image is highly anisotropic with the anisotropy parameter( β) ∼ 0.5. This

clearly illustrate that the excited state dynamics plays an important role in the dissociation

process. Therefore, further studies for nitroethane and nitropropane should be carried out

using a CO2 laser. When the CO2 laser is available, infrared multi-photon dissociation on

nitroethane and nitropropane can be investigate and examine the NO yields, product state

distributions and translational energy release a function of laser fluence to see if there is any

evidence of roaming isomerization.

In the study of photodissociation dynamics of tertacholoethylene (TCE), the spin orbit

branching ratio was calculated and found to be quite similar at two different wavelengths.
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Figure 7.1: (Left) Direct current sliced images of NO from the photodissocation of ni-
troethane excitation at ∼226 nm. The NO fragment is probed via a 1+1 REMPI scheme
through the NO ν = 0, A← X band for the transitions: P1 (50.5) (Right) The translational
energy distribution extracted from the image. (Blue) The translational energy distribu-
tions obtained for 1-nitropropane, (red) The translational energy distributions obtained for
2-nitropropane

This observation was due to the fact that photodissociation takes place after internal con-

version to the ground state or lower lying electronic excited states at both wavelengths.

In the study of nitric acid photodissociation at deep UV wavelengths, we found that

the O(1D) + HONO channel dominates despite the high bond dissociation energy, consis-

tent with previous work. The HONO co-product is vibrationally excited and substantial

alignment of the O(1D) orbital was observed and analyzed using approximate treatments,

demonstrating that the polarization is dominated by incoherent, high order contributions.

There was inconsistency with the previously reported angular distributions and we believe

that this might be due limitations in our experimental approach association with the use of

a single laser for photolysis and probe. In this case, further experiments should be carried

out to obtain more accurate values using two laser beams.

In this dissertation we focus on understanding unimolecular reaction dynamics using
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the state-resolved slice imaging approach. This allowed us to identify new mechanisms and

reaction channels created during the photodissociation events, to calculate the branching

ratios and infer the complex reactive processes relevant in combustion, atmospheric and

interstellar chemistry.
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This dissertation focuses on the understanding the unimolecular photochemistry and dy-

namics utilizing state-resolved slice imaging approach combined with the quantum-state se-

lective spectroscopy technique called resonance enhanced multi photon ionization (REMPI)

method. This powerful technique allows selecting the initial quantum states of the reac-

tants and determining the final quantum states, energy, the orientation and alignments of

the products. In the investigations of photodissociation dynamics of acetone at 230 nm,

a bimodal distribution for the resulting CO photoproduct is identified. This observation

indicated the presence of unimolecular dissociation mechanism analogues to the roaming

dynamics reported in formaldehyde photodissociation. Moreover, another type of roam-

ing mechanism called “roaming-mediated isomerization” is introduced in the study of ni-

trobenzene photodissociation. In this study molecules undergo roaming type isomerization

before the simple bond fission take place. In the study of photodissociation dynamics of

tertachloroethylene (TCE) at 235 nm and 202 nm using state resolved slice imaging ap-

proach illustrate that the dissociation take place at the ground state despite the difference in

the excitation energies. A similar spin-orbit branching ratio of Cl/Cl* at both wavelengths

are observed due to the above dynamical behavior of the molecule. In the study of HNO3
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photodissociation near 204 nm report the translational energy and angular momentum dis-

tributions of the resulting O(1D) product. The vibrational energy distribution of the HONO

co-product, as seen through the O(1D) translational energy distribution, shows significant

vibrational energy remaining in the molecule. Analysis of the angular distributions from

both the 1F3 ←←1D2 and 1P1 ←←1D2 O probe transitions offer additional insight into the

dynamics of the dissociation of nitric acid through the S3 (2 1A′ ) excited state, helping to

resolve some outstanding questions and pointing the way to future studies. This approach

allowed us to identify new mechanisms and channels created during the photodissociation

events, calculate the branching ratios and infer the complex reactive processes in combustion,

atmospheric and interstellar chemistry.
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