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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[l, 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 wvector 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™!), 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.

H,CO — Hy + CO (channel 1) (1.1)
H,CO —- H+ HCO (channel 2) (1.2)
HyCO — [H— —HCO] — Hy + 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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Radical g+HCO

w2
=]

Molecular

Potential Energy

Roaming

H,CO
Figure 1.1: Schematic potential energy curves for the formaldehyde photodissociation

Sy.

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 H,, 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. lon 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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P(E;) (arb.)

0 10 20 30
Translational Energy (cm-/103)

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

High-resolution velocity map images for specific CO quantum states give the correspond-
ing internal state distribution for the Hy 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 Hy. This surprising combination could not plausibly arise
from dissociation via the normal T'S 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 HoCO. 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 10°[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 Hs 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
H, followed a very different path, never visiting that geometry. Instead, one of the hydrogen
atoms always ventured out 3.5 or 4 A 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)].

C-H Distance (bohr)

Potential Energy (cm-'/103)

30

(= s L A + ]

0 100 .200 300 400
timestep

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, 2838(2008) (©ZElsevier

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 Hy 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 Hy in vibrational levels of [1, 12] along with CO in low rotational levels,
exactly analogous to the roaming products of HoCO 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~! 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

www.manaraa.com



~—~ 45 gl 143
el molecular | 2 24 sl A s
= , B Radical
3 [ lm =45 Nt - |
c \ 5
> f R AN 3
i) o o6 \ !
7 g E n’
c o R g
9 i
c o 04 | ) /\\
— c P
£ /" “a_Molec
X [¥] ~
f € ol S
T i o ‘*”/7“ T TT—a
O ! @ M S
T ~ Roaming
oo 00 m
‘30‘1'50I I 30200 - Iaozso 30300 B 30350 30000 30500 31000 31500 32000 32500
Photolysis Energy (cm™) Ener‘gy (cm'l)

Figure 1.4: (left) PHOFEX scan across the radical dissociation threshold (30329 cm™!) for
indicated CO rotational levels. The red oval shows the absence of roaming at energies 180
cm~! 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) ©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 ™! 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 A 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™! 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™! 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.
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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) ©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 veryslow.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
CsoHy. Two of them were classified as conventional channels, taking place at lower energies
via tight TSs. The third channel clearly involved formation of HoCC: + CHj 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 T'S.

Another radical that shows strong evidence of a roaming decomposition pathway is ni-
trate, NOg, which is an important atmospheric intermediate [23]. This system can dissociate

to Oy + NO and O + NO, in the visible region. However, the molecular products are
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only seen at energies below, but within 250 cm™!, of the simple bond fission threshold [24].
Above that threshold, only O + NO, is seen. Simply on the basis of the discussion above,
this alone strongly suggests a roaming mechanism involving near dissocation to O + NOa,
followed by intramolecular abstraction leading to O, formation. Recent imaging results from
North and co-workers|23]| show that the Oy product is formed in vibrational levels up to v =
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 + NOy and CH30 +
NO in infrared multiphoton dissociation experiments [25]. The latter products were ascribed
to the isomerization CH3NO,; — CH30NO 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 RNO, 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.
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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) (©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§]

I1(0) < 1+ Ba(cosB) + Ba(cos @) + Bg(cos ) + ... (1.4)

Z¢ .

X Y
Figure 1.7: Laboratory and molecular reference frame. Adapted with the permission from

A.G. Suits et al, Chem. Rev. , 108, 3706 (2008) ©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 ) to

discribed.the-orientationsand, 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(ewj) + hv = Aevjmj) + Bewjmi + 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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Pulsed Valve

MCP/Phosphor

CCD Camera

To Data Acquisition

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) ©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 1x107° Torr and 2x10~7 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 ps. 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 x 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 (6.8x 103 molecules/cm?® for Hy) 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.

Pulsed Valve

MCP/Phosphor
Mask /4

CCD Camera lon Optics

Dye Laser

To Data Acquisition

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/7 = 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 S; electronic state, implying highly
vibrationally excited methane as a co-product.The fate of this hot methane product will be

considered further below.

CH;COCHs — (CHs + CHsCO) — CHy + Hy,CCO — CHy + CHy +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-accesseds-Neverthelessssome conclusions are widely accepted, and the schematic energy
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diagram in Figure 3.1 is useful as we review them.
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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 ¥

orbital leading to the S; 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 (T;), 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 ”T;” 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

onsidered further below.
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The dissociation dynamics following excitation to Ss 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 CH, elimination accounting
about equally for the remaining 5% North et al.,[61] using photofragment translational
spectroscopy, saw a single CHg 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 S, dissociation also proceeded mainly by internal conversion to S, with
the S; 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 S; 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 “S; 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
T, pathway.

One feature of this discussion that has not received much attention is the S; /Sy 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 Sy surface (fig 3.2).

Among those four pathways, So/S;-MXS1 has been identified in the previously reported
studies[69, 73]. The other three pathways include So/S;-MXS2, S;/T; and Sp/T;. 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 (©ACS
tion on the ground-state can then occur without a barrier to give CHs + acetyl. The absence
of a barrier is key for the roaming intepretation below. In short, the S; and Sy surfaces are
mixed at these geometries. Key points in sorting through all these issues are the locations
of the Cls and crossings among the relevant surfaces, summarized here: The T, barrier is
4.05 eV, the S;/Sy Cl is 4.76 eV and the S; barrier is 5.8 eV. Zewail and co-workers have
also explored direct decomposition on the Sy surface,[75] but the barrier is ~ 7.1 €V, 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 S; 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 us, 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 x 107°
and ~ 2 x 1077 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 (v = 0) 'S*t« (v” =0) 'S+
transition. We found that the laser fluence of ~2 mJ/mm? 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, 4= 0.1 cm™! accuracy), (0.02 cm™! 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 (Er) obtained from the P(Er) distributions for various rotational levels of CO are

given in Table 3.1

www.manaraa.com



28

J'(CO)=4

@2
c
=3
£
©
o
a
00 02 04 06
translational energy, eV
J'(CO)=8
2
=
-
2
4]
w
o
00 02 04 06
translational energy, eV
J'(CO)=14
2| .
=
=3 .';
ol #
=
wl §
2 >

00 02 04 06
translational energy, eV

J" (CO)=30

P(E), arb. units

0.0 0.2 0.4 0.6
translational energy, eV

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

(Er)
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
6 024 0.310(6) 0.038(3) 26 0.042
8 026 0.310(6) 0.038(3) 19 0.038
10 0.25 0.292(6)  0.038(6) 16 0.036
14 026  0.279(6) - 8 0.027
20 0.27 0.266(6) - 0 0.022
30 025 0.252(3) . 0 0.014

In order to estimate the branching of the two different energy partitioning modes, P(E7)

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

P(ET)bimodal :P(ET)sharp + P(ET)broad (32)

=A(Er)' (1 — Er)’ + B(Er)"(1 - BEr)" (3.3)

where the power coefficient n was kept fixed for all rotational levels as the tail of the
P(Er)bimodal has no contribution from P(Er)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 (v= 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 (v = 0) 'St (v =0) 'S+
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% 4 5% of the total CO fragments
are produced with the sharp P(Ez) 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 v= 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 4 0.03 €V 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 (Er) 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 (v= 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(Ez) 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(Ez) 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(Er) 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 S; to T4 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: S; and T;7? 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 S; or Ty 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(Ez) 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 S; state (fig 3.2).
One pathway could be Sy to Sy transition followed by Ty to Sy transition (green curve in the
Fig). The second one is Sy to Sy transition via Sg/S;-MSX1 which is also reported by by Liu
et al.[73]. The next pathway could start after the photon transfer via S;-TS2, the molecules
can undergo S; to Sy transition through the CI of Sy/S;-MSX2. The final possibility is the
S; to T transition followed by a T; to Sy transition through the CI of Sy/T;-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 CH,CO to produce vibrationally excited methane and CH,CO which will
eventually produce CHy + 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(Er) 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 Hy 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 T'S. 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 (v = 0) 'S+« (v” =0) '2F
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 (Eq. ~ 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 €V) 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 CH, + CH; or CoHg 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:

06H5N02 + hv — CGH5 + NOQ channel 1 (4].)
06H5N02 + hv — OGH5ONO — C@Hg,O + N02 channel 2 (42)
CeHsNOy + hv — CeHsNO + O channel 3 (4.3)

The NO; 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

roles
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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 NOg, evidence strongly suggests[23] that a partially dissociated oxygen atom “roams”
around NO, before abstracting one of its oxygen atoms to form Os. Such studies of NOj
decomposition, as well as those of roaming in CH3NO, 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 NO,. The phenoxy product was also found to dissociate
further into CO and CsHjs. 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™! and the transition state
leading to isomerization to phenyl nitrite was 65 kcal/mol. Using density functional theory,
similar energetics of 71.2 kcalmol™! for the CN bond dissociation and 63.7 kcalmol™! 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 HyO to form CgH4C(H)ON [98]. Their mod-
eling of pyrolysis suggested that loss of HoO dominates below 1,000 K and NO, 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 NO,, 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™. 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™! and CN bond dissociation at 76.3 kcalmol™! for nitrotoluene, and simi-
lar numbers as before for nitrobenzene of 61.1 kcalmol™! and 74.1 kcalmol™!, 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™! and 30 kcalmol™! 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 C¢H,OH
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 C¢H,C(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 CgH4OH + 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™! above the T; 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™'. 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