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ABSTRACT

Photodissociation Dynamics and Spectroscopy of Free Radical-
Combustion Intermediates
by
David Lewis Osborn
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Daniel M. Neumark, Chair

The photodissociation spectroscopy and dynamics of free radicals is studied by the
technique of fast beam photofragment translational spectroscopy. Photodetachment of
internally cold, mass-selected negative ions produces a clean source of radicals, which are
subsequently dissociated ahd detected. The photofragment yield as a function of photon
energy is obtained, mapping out the dissociative and predissociative electronic states of
the radical. In addition, the photodissociation dynamics, product branching ratios, and
bond energies are probed at fixed photon energies by measuring the translational energy,
P(Er), and angular distribution of the recoiling fragments using a time- and position-
sensitive detector. Ab initio calculations are combined with dynamical and statistical
models to interpret the observed data.

The photodiséociation of three prototypical hydrocarbon combustion intermediates

forms the core of this work. The methoxy radical (CH;0), the vinoxy radical (CH,CHO)




2

and the ketenyl radical (HCCO), aré representative examples of alkanoxy, alkenoxy, and
alkynoxy radicals, respectively. The dominant channel m methoxy dissociation following
ultraviolet excitation is CH;O — CH; + O. Vibrational str;ucture‘is resolved in the P(E—r)
distribution, and a new heat of formation is obtah{ed for CH;O. Two primary channels are
active in vinoxy photodissociation: CH;,CHO — CH3 + CO, and CH,CHO — CH,CO +
H. The dissociation dynamics in vinoxy occur by internal éonversion to the ground state
followed by dissociation over a barrier to produéts. The ketenyl radical is observed for
the first time in the ultraviolet, diséociating via two distinct chénnels: HCCO —» CH
X(T) + CO, and HCCO —> CH a(*T) + CO. The dynamics in this case occur by internal
conversion and intersystem crossing, followed by dissoCiation on potential surfaces with
negligible barriers to products. The'branching ratio is a function of photon energy, and a
heat of formation is determined for ketenyl.

In addition, the photodissoci#tion of a negative ion radical,ﬁ N2O;, is also explored.
This ion photodissociates via twé channels: N,O,” — O™ + N;0, and N,O,” — NO™ + NO.
Product vibrational structure is observed in the sz bending mode, and a heat of

formation is obtained for N,O, .
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1 Introduction

The science of chemistry is first and foremost an attempt to understand the process
of formation and cleavage of chemical bonds, the interactions which bind nuclei together
. in particular arrangements through electron-nuclear attraction. The core of physical
chemistry, in turn, is an effor; to uncover the fundamental mechanisms of chemical
transformations. Toward this end, perhaps the most compelling system to study is a
bimolecular reaction

AB + CD — [ABCD}* — products
in the gas phase at very low pressure, where [ABCD]* represents a transient excited
species. In this case, it is hoped that the essence of the reaction will be revealed due to the
absence of external perturbations, such as collisions with solvent molecules or the walls of
the reaction vessel. In the last forty years, great strides toward this goal have been made
in the field of chemical reaction dynamics.'”

However, even in the relatively well-defined limit of a crossed molecular beam
experiment, in which the reactants approach and the products are detected along defined
trajectories, the results are inherently averaged over a range of impact parameters
describing the difference between head-on and glancing collisions of the reactants. One
way to avoid averaging over the impact parameter in the bimolecular “full collision”
described above is to simélify the system by studying the unimolecular “half collision” of

the dissociation reaction




1 Introduction

[ABCD}* — AB + CD, (1)

in which the positions of the AB and CD moieties have a definite relative orientation in the

excited [ABCD]* species. The “reactant” [ABCDJ* can be prepared in a highly specific

manner by excitation of the molecule ABCD with a photon of known energy, in which
case the process is termed photodissociation.

Photodissociation dynamics experiments provide a direct means of studying the
forces which act on a molecule as a bond is broken, and hence are an important method in
studying the fundamental hature of chemical reactions, as indicafed by the large body of
experimental and theoretical research in this field.>* In photodissociation experiments,

some of the most important questions are:

What are the nascent products?

Is there more than one product channel participating?
What is the bond strength, or AH,, for each channel?
How fast does dissociation take place?

How is the excess energy distributed among the products?

Can we determine the dissociation mechanism from this information?

For the sake of experimental simplicity, the vast’ majority of photodissociation
experiments to date have been performed on stable, closed-shell molecules. Of course, all
chemical reactions must involve open-shell, free radical species as intermediates between
reactants and products, and it is clearly of interest to subject this class of molecules to the

same rigorous photodissociation investigations as employed on closed-shell molecules.
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Despite the importance of free radicals in chemistry, little spectroscopic information is
available on their dissociative electronic states, and even less is known about their
dissociation dynamics.

The principal impediment to photodissociation studies of free radicals has been the
generation of a pure sample of these intermediates. To circumvent this problem, a general
technique has been developed in our laboratory which prepares well-defined, mass-
selected samples of free radicals by photodetachment of negative ion precursors.
Recognizing that free radicals have positive electron affinities, the corresponding negative
ion can be produced and separated from contaminant species by mass spectrometry. The

free radical of interest can be generated from the anion by laser photodetachment with one

™ - \ photon, after which the radical itself can
ABCD™ —— ABCD+e¢” —*—> AB+(CD

photodetachment  photodissociation be dissociated with a second photon.

The most important aspect of this

approach is that the anion precursors, by virtue of their charge, can be separated from the
host of other species present, thereby eliminating the ambiguity that plagues most neutral
radical experiments, which must in some way identify which species is producing the
experimental signal. Using this technique, known as Fast Radical Beam Photofragment
Translational Spectroscopy, I address in this dissertation the questions presented above
with experiments and calculations on the photodissoﬁiation spectroscopy and dynamics of

neutral and negative ion free radicals.
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Principles of photodissociation dynamics

The goal of photodissociation dynamics experiments is to describe as rigorously as

hv /—_
(c)

Potential Energy

hv

(d)
Reaction Coordinate

Figure 1: Four canonical dissociation schemes: (a)
direct excitation to a repulsive surface, (b)
predissociation via coupling to a repulsive
curve, (c¢) ISC / IC to a barrierless
potential, (d) ISC / IC to a potential with
an exit barrier.

possible the potential energy surface(s)
(PES) on which the dissociation reaction
takes place. In the most general picture,
the PES is a function of the coordinates of
all the electrons and nuclei in the molecule,
describing the energy associated with every
possible conﬁguraﬁon. The description of
the potential energy of a molecule can be
simplified by invoking the Bom-
Oppenheimer approximation, in which it is
assumed that electroni;: motion can be
separated from nuclear motion because the
light electrons adjust essentially
instantaneously to a displacement of the
ponderous nuclei. The Born-Oppenheimer
approximation in the adiabatic
representation is exact in the limit that the
nuclei move infinitely slowly, 1ie.,
adiabatically. Adiabatic Born-Oppenheimer

surfaces describe the potential energy of
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the molecule as a function of nuclear configuration for each distinct electronic state. A
schematic diagram of four surface configurations common to photodissociation reactions
is given in Fig. 1. The slope of the PES along the nuclear coordinates, dV/dQ, describes
the forces which act on the molecule as a bond is broken, and it is these forces which
determine the dynamics of the dissociation and the disposal of energy among translational,
vibrational, rotational, and electronic degrees of freedom of the products. As long as the
electronic potential V (which depends parametrically on the nuclear coordinates ()
changes slowly as a function of Q, the adiabatic representation is accurate.

The present experiments are designéd to probe the potential energy surfaces of
free radicals by measuring the final state distributions of the two molecular fragments
created in a photodissociation event. This inquiry is comprised of two separate
experiments with complementary objectives. First, the relative positions of PESs which
aré dissociative, or lead to dissociation, must be mapped out as a function of the photon
energy which initiates the reaction. Second, for those photon energies which cause
photodissociation, the products are interrogated to determine the disposal of energy
among product degrees of freedom, which, as stated above, is a direct consequence of the
PES and the dynamics which take place on it.

I have chosen to present the four potential curves in Fig. 1 because each represents
an important class of photodissociation reactions, and each system presented in this work
can be classified in one of these categories. In all cases the molecule makes an electronic
transition from its ground electronic and vibrational state to an excited electronic state by
absorption of a single visible or ultraviolet photon of energy Av. According to the Franck-

Condon approximation, the transition to the excited electronic state occurs




1 Introduction

instantaneously, such that the geometry of the molecule does not change during the

transition. The nuclear positions then evolve under the influence of the forces dV/aQ,

which may lead to dissociation if Av > Do, one of the bond strengths. Note that the

potentials in Fig. 1 describe motion along one nuclear coordinate Q; for triatomic and
larger molecules the PES‘ is multidimensional, and this diagram represents only the
reaction coordinate along which the bond is broken.

In Fig. la, excitation to a directly repulsive surface results in an absorption
spectrum which is lifetime broadened by the prompt dissociation. The shape of the
repulsive potential generally deposits a large amount of encrgy'into product translation,
giving a non-statistical distribution of energy among the product states. For the remaining
three cases in Fig. 1, the Born-Oppenheimer approximation breaks down when the
molecule makes a non-radiative transition from the initially excited surface (which is
bound with respect to dissociation) to another PES which is unbound along the reaction
coordinate @, an effect known as predissociation. In Fig. 1b, the initially excited state is
bound, but couples to a purely repulsive surface on which dissociation proceeds rapidly.
The product state distribution is often similar to that observed i direct dissociation (Fig.
1a), because the final surfaces have the same shape in both cases. Figure 1b describes the
dissociation of the CH;O radical presented in Chapter 3.

Figures 1c and d also depict predissociation, but in this case the initially excited
molecule couples back to the ground state (or possibly a lower-lying excited state) surface
and dissociates either with (Fig. 1d), or without (Fig. 1c), a barrier to products. The
former situation describes the dissociation dynamics of the CH,CHO radical presented in

Chapter 4, while the latter case exemplifies the PES of the HCCO radical in Chapter 5. If
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the coupling occurs to a state with identical spin multiplicity as the initially excited state,
the coupling process is called internal conversion (IC), while if the spin multiplicity
changes, the process is known as intersystemlcrossing (SC). The important distinction in
either case is that the final surface on which the dissociation takes place has a potential
well along the reaction coordinate, in contrast to the situation in Figs. 1a and b. The
presence of the well often traps the molecule for some time before dissociation occurs,
leading to a more or less statistical redistribution of the available energy émong some or
all degrees of freedom. Consequently, little energy is deposited in translational motion of
the products because tetra-atomic and larger molecules have more vibrational than
translational degrees of freedom. Note that the portion of the ground state PES to the
right of the barrier in Fig. 1c has the same repulsive nature as seen in Fig. 1b, and for this
reason there are some similarities between the two situations. In all cases, the salient
feafure is that the PES determines the final state distribution of the prbducts, so that
measurement of these distributions provides information about the potential energy

surfaces of the system.

Photodissociation of open-shell vs. closed-shell molecules

Before discussing the application of photodissociation experiments to free radicals,
recall that a free radical is physically stable, but, with rare exceptions, is chemically
unstable. Physical stability means that the ground state PES is a potential well, and as
such, isolated free radicals are indefinitely stable as long as the well depth is significantly
larger than the thermal energy k,7. Chemical instability, on the other hand, denotes the

fact that free radicals are extremely reactive in the presence of other molecules, often
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reacting after a single collision, and must be studied on a timescale shorter than the
collision lifetime. The meaning of the word stable is therefore context-sensitive.

While the dynamics occurring on a PES generally do not depend on whether the
molecule is closed or open-shell, the potential surfaces themselves are often qualitatively
different. This distinction arises for two principal reasons. First, due to their open-shell
electronic structure, radicals tend to have low-lying (i.e., 0 - 5 eV) electronic states.
Second, closed-shell molecules often dissociate to give two free radicals, for example
CH:l — CH; + I, or H;O; — OH + OH. In this case, the PES for the reverse reaction,
radical-radical recombination, typically has no activation barrier. Free radicals, on the
other hand, often dissociate to an open-shell and a closed-shell pair of fragments, e.g.,
CH,CHO — CH; + CO, or CH,NO, — NO + CH,O, which implies that the reverse
reaction is usually impeded by a barrier representing the cnérgy required to convert a quite
content closed-shell molecule into a reactive species. For these reasons, the dissociation
energies of free radicals are typically less than for similar closed-shell molecules, and the
‘potential energy surfaces describing - closed-shell vs. open-shell dissociation are
qualitatively different, leading to different reaction dynamics.

As an example, consider the photodissociation of nitrométhane (CH3sNO:y) vs. the
nitromethyl radical (CH,NO,). Upon absorption of a sirlgle ultraviolet photon, the only

product channel observed in nitromethane dissociation is simple C—N bond fission,

CH;NO; — CH; + NO,. In contrast, the nitromethyl radical shows two different

dissociation channels: simple N—O bond fission, CH,NO, — O + CH;NO, and a

rearrangement channel, CH,NO, — NO + CH;O. This example succinctly demonstrates




Photodissociation of open-shell vs. closed-shell molecules 9

how the unpaired electron in a radical may dramatically change the dissociation dynamics

compared to a similar closed-shell molecule.

Photofragment translational spectroscopy

The technique employed in these studies is photofragment translational
spectroscopy (PTS), originally developed by Wilson and coworkers,” with significant
improvements developed over the last 25 years.*® In this technique, internally cold
molecules are dissociated with a photon of known energy #v, and the photofragments are
detected, almost always by ionization. Although many PTS experiments used fixed
frequency lasers, allowing only one or a few choices for the photon energy 4v, in general
it is wise to explore the dependence of the photofragment yield as a function of photon

energy. The photofragment

‘ .
yield (PFY) spectrum obtained
PFY Spectrum such an experiment, depicted
N ,
> schematically in Fig. 2, maps
20
& out the position of the
m &5
= b5 electronic states which either
= o
o~ 84 s .
Q o predissociate ~ or  directly
Q Q
(a W = . . . . .
_8 dissociate. In predissociation,
a®
the initially excited state is
————————— — O bound, but coupled to another

. . electronic state which is
Reaction Coordinate O

) unbound giving rise tO narrow
Figure 2: The PFY spectrum is shown on the right as a function ‘

of photon energy.
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peaks in the PFY spectrum. In contrast, direct dissociation results in a PFY spectrum
which has little, if any, structure.

The main thrust of PTS, however, is to measure the translational energy, E+, of the
two separating fragments. The energy balance of this process is given by:

Er=hv - Dy - En(AB) - En(CD), ' ()]
where Dy is the bond dissociation energy, and Ei, is the sum of the internal energies
(vibrational, rotational, electronic) of each fragment. This process is dépicted graphically
in Fig. 3, with the resulting translational energy distribution, P(ET), shown in the upper
right. The structure in the distribution is due to the quantized'vibrational levels of the
products, depicted by the harmonic well orthogonal to the reaction coordinate at the

asymptote. If, for some

A energy Er, it can be
determined that the internal
energies of the products are

zero, Eq. (2) gives Do

directly. In the present

work, the bond strength has

been measured for three of

the four radicals presented

in this dissertation, namely

Potential Energy

> CH;0, HCCO, and N,O,".
Reaction Coordinate QO

Figure 3: The P(E1) distribution, shown on the right, with structure
due to product vibrational excitation.
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In fact, PTS can also measure the angular distribution of fragments with respect to
a polarized excitation. To be more precise, the coupled two-dimensional energy and
angular distribution of the photofragments, P(Er,0), can be reduced to two one-
dimensional distributions by the relation

P(E1,8) < P(Ex)®[1+ B(E1)P,(cos)] | 3)
where B(Ep)° is the energy dependent anisotropy parameter describing the angular
distribution of the fragments. The values of the anisotropy parameter range from
-1 € B < 2, where the limiting values correspond to a sin’ or cos’@ distribution of
fragments, respectively, and = 0 is an isotropic distributioﬁ.

The anisotropy parameter provides two types of inforrhation. First, a positive
value of f§ indicates a parallel transition in which the recoil axis is parallel to the transition
dipole moment, while a negative value indicates a perpendicular transition, with the
direction of recoil perpendicular to the transition dipole. Second, the anisotropy
parameter is reduced if rotational motion of the excited molecule takes place prior to
dissociation, and S is therefore related to the dissociative lifetime. For photodissociation
of a diatomic molecule, instantaneous fragmentation leads classically to the limiting values
of B (ie., +2 or -1, depending on whether the transition is paralle]l or perpendicular), while
fragmentation after many rotations of the excited molecule gives the values +0.5 or -0.25,
respectively. Intermediate values of B imply a dissociative lifetime on the order of a
rotational period. For polyatomic molecules, the dissociative lifetime also affects 3, but
there may not be a straightforward relationship between the measured value of 8 and the

lifetime, as discussed in Chapter 5 for the HCCO radical.
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Previous photodissociation experiments on radicals

As mentioned above, most photodissociation experiments (and most physical
chemistry experiments in general) are performed on closed-shell molecules simply because
it is convenient to use a sample which is stable in a gas cylinder or a beaker. Nevertheless,
free radicals are ubiquitous in chemistry, especially in high-energy or low-density
environments such as combustion and atmospheric chemistry, and it is the purpose of this
section to explain how photodissociation of such transient species can be investigated.

There are a few free radicals, such as O,, ClO,, NO, and NO,, which are
sufficiently chemically stable that traditional photodissociation techniques may be
employed to study these systems. However, most free radicals are not amenable to
traditional sample handling techniques, and instead must be generated in situ and studied
before a collision between the radical and another reactive substance can occur. The latter
requirement is generally achieved by conducting the entire study in a vacuum chamber of
sufficiently low pressure that the collision probability on the timescale of the experiment is
much less than unity. In fact, most modern photodissociation experiments on closed-shell
species are conductg:d in such vacuum chambers, so that the only barrier to extending
these studies to radicals is that of generating a sufficiently pure, high density sample of
these transient molecules.

Generation of radicals by dissociation of a (closed-shell) precursor molecule
requires a rather violent input of energy (e.g., laser photolysis, electric discharge, electron
impact), often generating a wide range of species including negative and positive ions and

a variety of neutral radicals and chemical reaction products. This single fact is responsible




Previous photodissociation experiments on radicals 13

for the paucity of radical dissociation experiments, because the many species created
usually obscure the detection of the one radical of interest. Alternatively, the radical may
be formed with so much internal energy that it dissociates spontancously. Nevertheless,
several clever expeﬁr_ncntalists} have succeeded in studying photodissociation of CCls,™
CH;,'' HCO,”™"® CH,S," NCO,” and DNF."® In related experiments, fragmentation of
other radicals such as CHsCO and CH have been studied as secondary processes
foﬂowiﬁg the primary photodissociation of a closed-shell molecule. These latter examples
are not well-defined because the radicals are born with a broad distribution of internal
energies rather than a single energy as achieved by laser excitation. In any case, the
methods of radical preparation in these studies were developed on a case-specific basis,

and are not generally transferable to other radicals.

The fast radical beam translational spectrometer

As mentioned earlier, the radical production scheme employed in this research is
novel because the radicals are produced from negative ions, and may therefore be mass-
selected. The Fast Radical Beam Translational Spectrometer (or FRBM), constructed for

17-18
>

these studies by Cyr, Continetti, Metz, and Neumark is shown in Fig. 4. A complete

description of this apparatus is given in the Ph.D. dissertation of Douglas Cyr.” A

' — PFY/TOF
ion source mass detachment { dissociation detector

ji selection

A {1 1
,/“W % TPS
2 detector

Figure 4: The Fast Radical Beam Translational Spectrometer.
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conceptual descripticm of the experimental design is presented here, with information
specific to particular experiments given in subsequent chapters. Modifications to the
apparatus are discussed in Chapter 2.

Ion production begins with a precursor molecule seeded in a carrier gas (e.g.,
CH;0H in 5 atm Ne), and expanded into the source chamber through a pulsed valve
operating at 60 - 100 Hz. Ions are generated in the throat of the ensuing supersonic
expansion by one of two methods. In the first method, the free jet is crossed with a 1 keV
electron beam, creating iow energy secondary electrons which produce negative ions. A
newer method, using a pulsed electric discharge to create anions, is described in detail in
Chapter 4 and has been used for all the alkoxy radicals in this work. In either method, the
ions are cooled by the supersonic expansion to their ground vibrational state and to
rotational temperatures of 35 - 50 K.

The ion beamn passes through a skimmer and is accelerated to high laboratory
energy (typically 5 - 9 keV). The ions are then re-referenced to ground by a potential

switch® discussed in Chapter 2. Ions of the desired mass are selected by a Bakker type

time-of-flight mass spectrometer and photodetached with a pulsed dye laser to create the

corresponding neutral. As shown graphically in Fig. _5, the energy of the detachment laser
is just above threshold, so that only radicals in their zero-point vibrational level are
produced. Any residual ions are deflected from the beam, leaving a packet of internally
cold, contaminant free neutral radicals moving at a high laboratory velocity (typically
10" cmy/s). Note that if there is a significant geometry change from anion to neutral, the

Franck-Condon factors governing the photodetachment step may give a low cross section
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for production of v = O radicals,
making the experiments more difficult
on a signal-to-noise basis."

A second linearly polarized

pulsed dye laser dissociates the
radicals, which are detected using one

of two microchannel plate (MCP)

Potential Energy

detectors. The first MCP detector is of

traditional design, measuring the PFY

. . y spectrum (or time-of-flight distribu-
Reaction Coordinate QO P ( :

» tions).”! The second detector, similar
Figure 5: Potential surfaces of the complete system for

radical production and dissociation. to one developed by de Bruijn and

Los,”? is a time- and position-sensitive (TPS) coincidence wedge- and strip-anode

detector'®?

used for dissociation dynamics experiments. A schematic side-view of the
TPS detector is shown in Fig. 6. Undissociated radicals are prevented from impinging on
the detectors by a beam block across the detector center. Neutral fragments are observed
directly (i.e., without an ionization step) due to the high kinetic energy of the particles in
the laboratory frame. For fragment kinetic energy > 1 keV, and fragment mass- > 12
a.m.u., the detection efficiency is approximately 50% and is independent of mass or
chemical compdsition.24

This universal detector is an important aspect of the experimental design allowing

many product channels to be simultaneously detected with equal probability. The high

detection efficiency is crucial since the density of radicals in the laser interaction region is
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Figure 6: Side view of the TPS detector. Arrows
indicate the impact position of each
photofragment on the first of three
microchannel plates (MCP) arranged in a
z-stack configuration. The beam block is
shown in solid black. Electrons exit the
final MCP and spread before impinging
on the anode (WSA). The distance
between the centroids of the two electron
clouds gives the recoil R,,.

1 - 2 m from the dissociation laser.

on the order of 10°/cm’. As discussed in
Chapter 4, detection of H or D atoms is
more difficult than detection of heavier
species. An additional advantage of con-
ducting photodissociation experiments in a
fast beam is that the laboratory scattering
angles of the fragménts are very small
(@ < *1°), giving a high collection
efficiency. These favorable kinematics are a
direct consequence of the fact that the
center-of-mass energy of the beam (typically
8,000 eV) is much greater than the relative
recoil energy of the two fragments
(=Do=0-5¢eV). As aresult, collection

efficiencies of 100% are routinely achieved,

with a detector of radius 20 mm located

Two types of experiments are performed to characterize a given radical

dissociation.

First, the dissociation laser wavelength is scanned, and the total flux of

photofragments arriving at the first MCP detector is monitored. This experiment gives the

photofragment yield (PFY) spectrum, mapping out the spectroscopy of the dissociative

electronic states. Once the wavelength dependence of process is determined, a second

experiment is performed to probe dissociation dynamics using the time- and position-
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sensitive MCP detector. In this experiment the position of both photofragments from a
single parent radical, and the time difference between their arrival at the detector are
measured. The coinéidence detection scheme gives significantly better energy resolution
(at best AE1/Er = 0.7%)” than experiments which detect only one of the fragments.”®

The spatial and temporal signals from the wedge- and strip-anode are amplified
and converted to digital values as described in the dissertation of Douglas Cyr.”” The raw
data (charge fraction and time-to-amplitude converter output) is converted to the spatial
separation of the two fragments (x, y), and time difference between their arrival (Az, or
alternatively, the z coordinate), by méans of proportionality factors whose determination is
discussed in Chapter 2. The (x, y, A¢) values can then be analytically converted to the
desired experimental quantities, namely the fragment masses, their relative translational
energy, and their scattering angle with respect to the E vector of the dissociation laser.

The kinematics of the fast beam PTS process shown in Fig. 7 are described by the

V()At
(-

equations:

mag = M .RCD v (4)
: L
E. | £o | mapcD [(v At + R,y 2| 142D a8 VoAl 5)
T2 A M2 1 » M L
R
_ xy
0 arctan(v() At] (6)

in which mag, mcp, and M are the masses of the two fragments and the parent radical,

respectively, Ry, = \/xz + y2 is the distance between the two fragment impacts on the
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Figure 7: Fast beam kinematics of photodissociation using the time- and position-sensitive detector

(TPS). The three dimensional recoil vector is given by Rom = ‘/R,%y +(v1abAt)2 .
detector face, Rep is the distance from the radical beam to fragment CD on the detector
face, vo and E, are the velocity and kinetic energy, respectively, of the parent radical beam,
L is the flight length between laser and detector, 8 is the scattering angle, and Er is the
center-of-mass relative translational energy of the two fragments. The FORTRAN codes

that perform this conversion are described in Appendix A.

Comparison of fast beam translational spectroscopy with other techniques

For the sake of perspective, it is worth comparing the fast beam implementation of
PTS in this work with other common techniques for studying photodissociation. State-
resolved fragment detection experiments, in which single rovibrational states of one
product are detected, can give the rotational distribution, and with more effort the
vibrational distribution, of one fragment." No information on the translational energy

distribution or the rovibronic distribution of the other product is obtained, and therefore
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these experiments are often conducted close to the photodissociation threshold, where the
other product is constrained to have little energy. A closely related technique,
photofragment excitation spectroscopy (PHOFEX),> monitors the population dependence
of a single rovibrational product state on the energy of the dissociation laser. High-
resolution Doppler spe:ctroscopy27 goes one step further, using a narrow-bandwidth probe
laser to resolve the Doppler profile of one photofragment, thereby obtaining some
information on both the translational energy and angular distribution, and consequently a
measure of the amount of energy deposited in the undetected fragment. In addition,
mmformation on the vector correlation of the recoil velocity with the rotation of the
detected fragment can be obtained, lending considerable insight into the dissociation
mechanism. Similarly, photofragment imaging® experiments give the spatial image of one
state-specifically ionized fragment, yielding a low-resolution measurement of the
translational energy and angular distribution for a specific rovibronic state of this product.
All these techniques measure a single rovibronic state of one fragment (via laser
induced fluorescence or resonance enhanced multi-photon ionization), enabling one to
construct quite detailed information on one or a few of the many possible final product
states. One of the drawbacks to these methods is that the detection schemes are specific
to each fragment (e.g NO, CO, I, etc.) and must be revamped each time one wishes to
detect a different product. In addition, only a very small .ﬁ'action (i.e., a single rovibronic
level) of the total dissociation products are detected at any one time. In contrast, PTS, as
implemented here, is inherently multiplexed, probing all final states, at all scattering angles,
of all product channels simultaneously, although resolution of individual product rotational

states is not possible. In general, most other techniques take a high-resolution view of a
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small part of the dissociation dynamics, while PTS takes a lower-resolution view of the
entire picture. Both approaches clearly have their advantages, and together are quite
complementary. However, the fast beam PTS approach is certainly a more general
technique for radical photodissociation because of its high sensitivity (essential for

experiments at densities of 10>/cm) and universal detection capabilities.

Interpretation of Results

To summarize, all the information from the Fast Radical Beam Translational
Spectrometer is given in three types of spectra.
e The spectroscopy of the dissociative excited states is revealed in the
photofragment yield (PFY) spectrum.
e The disposal of energy in the products (for each product channel) is contained in
the translational energy distribution, P(Et).
e The angular disﬁibuﬁon for each product channel is given by the anisotropy
parameter distribution, S(Et).
The remaining task is to rationalize these results and develop a dissociation mechanism in
a consistent manner by comparison with semi-empirical models, which have the advantage
of being easy to implement, or better yet, with classical or quantum mechanical reaction
dynamics calculations based on ab initio potential energy surfaces.
Today, the field of photodissociation dynamics has progressed to a point where
accurate, full-dimensional ab initio surfaces are available for several triatomic molecules,
and the dynamics calculations based on these surfaces can be compared with detailed

experimental results. As advances in accurate PES calculations for four, five, and six
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atom molecules continue, a similar interplay between experiment and theory promises
great insight into these larger systems. At the same time, the experimental approach
utilized in the work presented here offers a general technique for the study of free radical
dissociation. The availability of these experimental results has already spawned further
calculations of the many electronic surfaces responsible for CHzO photodissociation, and
one hopes that these results will be interesting and useful to other scientists trying to

unravel the chemistry of free radicals.
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2 Improvements to the experiment and analysis®

This chapter discusses improvements to the Fast Radical Beam Photofragment
Translational Spectrometer in both experimental design and data analysis. Three major
improvements have been accomplished beyond the description of the experiment given in
the Ph.D. dissertation of Douglas Cyr.! First, the pulsed discharge source for ion
generation has been substantially improved, and is described in detail in Chapter 6.
Second, the high-voltage switch used for re-referencing the ions to ground potential has
been completely rebuilt and is briefly discussed in this chapter. Finally, ihe procedure for
obtaining the prdportionality factors which convert charge-fraction and timing information
(from the time- and position-sensitive detector) into x, y, and z spatial information is also

presented here.

I. The high voltage switch (a. k. a. the death pulser)

In order to avoid floating either the source region or the detection region of thé
apparatus at the ion beam voltage (typically Vieam = 5 - 9 keV), a fast MOSFET potential
switch is used to re-reference the ion beam to ground potential. The principle of the
switch is straightforward. After the ions are accelerated to a potential Vieam, they pass
through a 3 mm aperture into a stainless steel cylinder, 25 cm long by 8 cm in diameter,

held initially at V.yi = Viean. While the ions are inside the cylinder, the potential V., is

¢ Portions of this chapter are published in the Journal of Chemical Physics 103, 2495 (1995).
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dropped rapidly (= 250 ns) to ground. Because there can be no electric field inside a

conductor, no force is exerted on the ions inside the cylinder during the switching time.

,ZV
These ions exit the cylinder through a 3 mm hole with a velocity equal to ’b;m , but

referenced to the final potential of V.y;, which is nominally within a few volts of ground.

The design and operation of this home-built switch was presented by Continetti,
Cyr, and Neumark.> The original switch consisted of ten 1000 V varistor-bypassed
MTPIN100 MOSEFET stages in series driven by two Siliconix D469CJ quad MOSFET
drivers and was capable of switching up to 8 keV. Although generally stable, certain
components failed periodically, necessitating replacement. The layout of the circuit, in
which all ten identical stages were individually screwed into the chassis, linked with
soldered electrical connections, made troubleshooting and repair a tedious job at best. In
addition, the upper limit on Vie.n imposed by this switch was around 8 keV. To
circumvent both of these limitations, a new switch was constructed based on the same
electrical design, but using a modular approach (to facilitate quick identification and repair
of faulty components) with sixteen 1000 V MOSFET stages (to allow operation beyond
well beyond Vieam = 10 keV).

Two improvements were made in the electrical components. First, the MOSFETs
were feplaced with Harris RFP4N100 N-Channel 1000 V MOSFETs which can switch
more current (4.3 A) than the previous transistors. Second, four Teledyne TC4422CPA
MOSFET drivers replace the two D469CJ drivers. The TC4422CPAs drive four instead

of five stages each, and operate with an “on”'voltage of 15 V compared to 12 V, allowing
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a more rapid accumulation of the requisite 120 nC of gate charge required to turn on each
MOSFET.

Realizing that failure of certain components on the high-voltage stages is
inevitable, a modular design was developed in which each stage is constructed on a printed
circuit board, as shown in Fig. 1, which is connected via a PC card slot to the rest of the
switch. Not only does this design ease the task of troubleshooting, it also allows rapid
replacement of a defective state with a spare stage so that data collection may be
continued with minimal interruption.

It should be noted that in testing the performance of the switch, the calibration of
the high voltage oscilloscope probe used (normally a Tektronix P6015) can affect the
appearance of the oscilloscope trace. Under certain conditions the. switch may not drop
V... completely to ground. While this may indicate a defective stage, it may also be an

artifact of the probe, and care must be exercised to obtain a reliable diagnostic.

Figure 1: MOSFET card for the high voltage switch. The MOSFET is
‘denoted by (D, G, S), and bypass varistor by MOV. R; =50 Q,
R, =250Q.
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I1. Determination of detector factors

As mentioned in the introduction, several proportionality factors are required to
convert the experimentally measured charge-fraction and At values from the time- and

position-sensitive detector into the three physically useful observables we wish to obtain:

the mass ratio of the two photofragments —n”:— , the relative translational energy Et, and the

angle 6 between the center-of-mass recoil vector and E of the linearly polarized
dissociation laser. The optimization of these proportionality constants, or “factors,” by
least-squares fitting to data from the dissociation O, — O + O was a major advance in our
time- and position-sensitive coincidence detection scheme. Prior to this development, we
derived factors by covering the microchannel plates with a mask of régularly spaced
pinholes, illuminating the mask with ultra-violet radiation to stimulate electron emission,
and adjusting the factors by hand until the best correspondence between the observed and
true pattern was obtained. Upon joining the experiment, David Leahy recognized that the
energy resolution of the experiment at that time (60 meV) was far worse than what one
calculates from the 100 um spatial and 500 ps time resolution of the detector. It is due to

his aptitude and perseverance through many months of attacking this problem that we

T

E;

have attained a resolution of 6.8 meV, or = (0.6 %. 1 cannot overstate the impor-

tance of this increased resolution to the experiments on the CH;O radical presented in
Chapter 3, and I give David Leahy the credit for this significant advance in our detection

scheme.
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For each observed coincidence event, the time- and position-sensitive detector

records the impact positions of both fragments with an accuracy of about 100 um, while a

WAW%,”,W%I/WWJWW S %
5

Figure 2: The wedge-and-strip anode of the time- and position-sensitive
detector. The wedge, strip, and zig-zag conductors are labeled
for both the upper half (1) and lower half (2) of the anode

(as in the case of O,), these relationships are given by

1 R2 + (v At)

time-to-amplitude

converter (TAC)
simultaneously re-
cords the time interval
between the arrival of
the two fragments to
an accuracy of 500 ps.
Together, these meas-
urements yield the
center-of-mass  trans-
lational energy release
and the recoil angle of
each  photodissocia-
tion event. For frag-

ments of equal mass
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where Epeam and viean are the laboratory energy and velocity of the O, beam, respectively;
R, is the observed recoil distance perpendicular to the beam axis (as measured by the
position-sensitive detector); At is the time interval between the arrivals of the two
photoffagments at the detector; and L is length of the drift region.

The fragment impact positions are observed using of a pair of wedge-and-strip
anodes that collect the charge from the detector’s microchannel plates.®* A schematic of
the wedge- and strip anode pattern is shown in Fig. 1; the actual pattern is considerably
denser. This pattern consists of two separate wedge-and-strip anodes (one upper and one
lower. which we will label 1 and 2, respectively), comprised of three conductors each
(“wedge”, “strip” and “zigzag”). These anodes divide the ~10 electrons from the
microchannel plates between the three conductors in a spatially specific manner. The
wedge conductor tapers in the horizontal direction while the strip conductor changes in
width along the vertical direction, so that the two electrodes determine the horizontal and
vertical position, respectively, of the centroid of the electron cloud. The following

equauons relate these charge fractions to the impact positions:

X = A Fyeqee + by (3a)
N = Uy By + By + 0y Fogy ' (3b)
Xy = Ay Fyegee + box (3¢)
Yo = Gy B+ by oy i | 3d)

The Cartesian coordinates x and y are the horizontal and vertical positions,
respectively, of the fragment impacts relative to the origin, which we define to lie at the

center of the radical beam. The multiplicative constants a; and additive constants by define
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the nearly linear relationship between the anode charge fractions F and the Cartesian
coordinates. In addition, we have included a small quadratic term in the y coordinate
equations to model an inherent nonlinearity in the detector’s charge division. Equations
(3a - d) are different and somewhat simpler than those that appear in Ref. 3; for our
charge amplification scheme, the cross-talk corrections have proven to be of negligible
importance. The crux of the data analysis is the determination of the values of the
parameters ax, by and cx. However, in addition to these ten parameters, four additional
parameters are used to obtain maximum energy resolution.

Ideally, the normal to the detector face lies coincident with the main axis of the
FRBM, such that the distances from the photodissociation region to all points in a given
annulus of the detector face are equal. In practice the detector is aligned by reflecting a
He-Ne laser beam off the beam-block of the detector and aligning the back reflection with
the main laser beam. To correct for the inevitable slight inaccuracy in this procedure, two
additional factors, #ilr-x and tilt-y, are used to account for the rotated position of the
detector about the two axes orthogonal to the radical beam axis. The final two factors are
TAC-m and TAC-b, the slope and intercept respectively of the linear relationship between
the TAC output and the true Az value for the dissociation.

While rough guesses for a; and b can be made based on the anode geometry, in a
quantitative analysis the fourteen constants must be determined from the O, dissociation
data directly. We accomplish this by treating the constants as parameters in a non-linear

least squares fit to the oxygen data, with the merit function
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2 2
(Rcalc - Robs,i) Roentroid,i

Zz = z 2 2 . (4)
! Orecoil Ocentroid
where
and
Reentoia; = {[(x1 +33) 1 20% +[(1 +32) 1 21712 ©

The index i stands for the independent coincident events. R, is the calculated
recoil distanée given by inverting Eq. 1, using the known oxygen bond strength (5.117 eV,
Ref. 5), the photon energy, the parent oxygen beam veloCity Vieam, and the length of the
fragment drift region. R.. is first determined using the = kinetic energy release
corresponding to the (j; = 2, j» = 1) final state; which was the most probable final state
from predissociation of the v’ = 7 level.® In subsequent iterations, the mean kinetic energy
release for each data set is used. R is the length of the observed three dimensional recoil
vector between the two fragments, which depends on the adjustable parameters ax, b and
cx- Similarly, Reenrsia i the parameter-dependent distance from the center of the radical
beam to the parexit radical impact (as inferred from the fragment impacts, using
conservation of momentum). The constants Grcon and GCeemroia Characterize the standard
deviations in the recoil measurement (150 um) and centroid position (1.6 mm, ie., the
radical beam width).

The non-linear least squares fit utilizes a Levenberg-Marquardt algorithm.” The fit
is provided with data sets of a few tens of thousands coincident events in the form of the

raw charge fractions of Egs. (3a-d). Following an initial estimate, the adjustable
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parameters az, b, cr, and the #ilt and TAC parameters are optimized by the algorithm to
minimize %>. This results in a set of parameters that yield the high translational energy
resolution necessary to resolve the correlated spin-orbit distributions in O, dissociation®
and the vibrational product state of the CH; radical in CH;O dissociation presented in
Chapter 3 and Ref. 9. In general, the oxygen data fits provide an excellent absolute
calibration for the position sensitive detector, which is an essential first step for all our
photodissociation studies of polyatomic free radicals.

The FORTRAN code XZYLSQ, which accornplishes the fitting procedure
described above, is given in Appendix D, along with practical information needed to

implement the program.
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Photodissociation spectroscopy and dynamics of the A (*A,)

electronic state of CH;0 and CD;0O.

I. Introduction

The methoxy radical (CH;0) is a remarkable molecule, and has become one of the
most widely studied polyatomic free radicals since it was first observed in emission of
ethyl nitrate photolysis in 1953.! Methoxy has drawn such- intense scrutiny because it
serves as a paradigm for a surprisingly large number of fundamental physical and chemical
interactions. It is important in the atmosphere due to its participation in smog chemistry®
and is an intermediate in the combustion of cool flames of methane,’ oxygenated fuels
containing CH;OH, and fuel-lean ignition processes.” Although not yet detected in
interstellar gas, it is quite likely that CH3O exists in this medium because its close relatives
CH30H and CH,O are found in abundance.’

In the field of photodissociation dynamicé, the rich photochemistry of methoxy
provides archetypal cases of two distinct dissociation mechanisms. On the ground state
surface, dissociation to H + CH,O is impeded by an activation barrier. Stimulated
emission pumping (SEP) experiments show narrow resonances both below and Vabove the
barrier, with important implications to the long-standing question of mode-spéciﬁc Vs.
statistical unimolecular decomposition.® In a preliminary report,” we presented the first

unambiguous evidence for predissociation of CHz;O following excitation of the ultraviolet

A (A;) « X (E) transition. In contrast with barrier impeded ground state dissociation,

33




34 ' 3 Photodissociation of CH30 and CD;0O

ultraviolet dissociation of methoxy, yielding CH; + O, provides a textbook example of
predissociation via coupling to purely repulsive excited state potential energy surfaces. In
this paper we give a full exposition covering our experiments on the photodissociation
dynamics of CH30 and CDsO.

Although the literature on CH;O is quite extensive, the most germane works, from
the viewpoint of photodissociation dynamics, are the spectroscopic™ and theoretical

investigations®**°

of the rotational, vibrational, and electronic structure of methoxy.
Within the Cs, point group, methoxy’s ground state is of E symmetry due to a two-fold
electronic degeneracy. Consequently, CH3O is subject to vibronic coupling via the Jahn-
Teller effect**? in which nuclear motion along one (or more) of the e symmetry vibrations
splits the electronic degeneracy. In addition, the unpaired electron spin can couple to the
magnetic field generated by the electronic orbital motion around the symmetry axis. As a
result, methoxy is a prototypicgl example of the complications that arise when both Jahn-
Teller and spin-orbit effects must be treated togetbh_er.43

The spectroscopy of CH3O is far from straightforward, with a substantial amount
of controversy surrounding the proper values for the spectroscopic parameters. As noted

by Foster ez al.,” there has been a great deal of confusion in determining the true location

of the 08 band in the A (*A;) « X (*E) transition. The confusion stems in part from the

fact that all three non-totally symmetric (e) vibrations (v, Vs, Vg) are active in the A state,
in addition to the three totally symmetric (a;) vibrations (vi, v», vs). The resulting spectra
are rather complex, even at the very low rotational and vibrational temperature achieved in

25,30
al

a supersonic jet expansion. Extensive vibrational®® and rotation analyses of the

A « X LIF spectrum give the accepted value of the rovibronic band origin




Introduction 35

Vo = 31,614.51 cm®. The vibrational frequencies for several modes have proven even
more difficult to evaluate, although two recent investigations appear to have settled all the

major discrepancies.’**!

In addition, several incongruous determinations of the
fluorescence lifetime of the A state have been reported. Three investigations found
7 = 2.1 s for 35 (n =0, 1, 2),'" a fourth reported 7. = 1.5 us for n = 0-6," while

another investigation found a variation in lifetime as a function of », with values ranging
from %r(30) = 2.23 s to 5(3¢) = 0.89 us. Recent measurements in a supersonic jet
give T (38) = 0.35 - 0.38 and 7m.(35) < 0.02 ps.¥

However, all experimental and theoretical investigations agree that the main
progression in the A « X transition is vi, the C—O stretch. The extended Franck-
Condon progression in this mode arises from the large change in C-O bond length
between ground and excited states (rco’ = 1.58 A « rco” = 1.37 A).*® The increase in rco
results from excitation of a CO o-bonding electron to a non-bonding p. orbital localized
on the oxygen atom, leaving essentially half a CO bond in the A (*A;) state.

Among the theoretical studies of methoxy’s electronic structure, the pioneerin
y p g

work of Jackels was the first systematic investigation of the many excited electronic states

of CH;0.® In addition to the bound X (*E) and A (*A,) states, he reported three
electronic states of *A,, “A,, and *E symmetry which are purely repulsive along the C~O

coordinate, shown schematically in Fig. 1. The curve crossings between the lowest of
these states and the A state was predicted to lie at 36,500 cm”, slightly above the energy

of the 33 transition. More detailed ab initio investigations, including the coupling
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strengths between different excited electronic states, have recently been undertaken by
Pederson and Yarkony,” and by Cui and Morokuma.*°
There are at least four photodissociation product channels open to methoxy for the

excitation energies used in this study:

A (E) CH; X(Ay) + O(1D)
(*Ay)
5 CH, a(1A,) + OH X(2II)
_ CH, X(3B,) + OH X(?T))

4 A (PAp)

—_

>

~ CH, X(24A,) + O(3P)

>3

o0

=

O

=

a8

E 2 3.81eV

=

g

£ 1 CH,0 X(1A,) + HCS)
0 \\ l -

12 13 14 15 ]
Dissociation Coordinate R(H;C-O) (A)

Figure 1: Schematic Cs, potential energy surfaces for the methoxy radical as a function of CO bond
length.
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CH,0 X CE) —2 CH,04 (%4) -
CH, XAy + OCP) AH,,=3.807£0.013eV ()
CH, X(°B;) + OHX (*II) AH_,(=4.10£0.05¢V an
CH, @ (Y4, + OHX (211) AH . o= 4.49 J_r 005eV (I

CH,0X (}4) + H(%S) AH .o =0.78+007eV (V)

The energetics are based on the heat of formation of methoxy AHy, (CH;0) = 0.29 +

0.02 eV (6.8 *+ 0.4 kcal/mol) found in our preliminary investigation,” and the literature
values for other species.* Channel (/) is the major product channel for CHsO at all
photon energies. The formation of CH; + OH via channels (/I) and/or (II]) is observed as
a minor product channel in CH;O photodissociation. The conesponding channels are also
observed with CD;0. As discussed elsewhere,*® detection of H atom loss is difficult
though not impossible with our apparatus. For methoxy we have evidence that channel
(/V) plays a very minor role in methoxy dissociation at high photon energies.

Our experimental results for both isotopes are presented in section III, and
analvzed 1n section IV. In section V we discuss the dissociation dynamics of methoxy in
light of the experimental distributions and comment on the possibilities for further

investigations.
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II. Experimental

The experimental apparatus used in these studies, the fast beam photofragment

translational spectrometer (Fig. 2), has been described in detail elsewhere, *"*

and only a
brief description is given here. In order to produce a well-characterized sample of free
radicals, we rely on the fact that open-shell species have positive electron affinities and
form stable negative ions. The neutral free radiéal of interest can then be generated by

laser photodetachment of the mass-selected negative ion precursor, and subsequently

photodissociated by a second laser:

CH,0™ LIS TN CH;0 + e LN fragments ¢))

Consequently, the apparatus in Fig. 2 is divided into two main regions. In the first region

' Jp— PFY/TOF
ion source mass detachment {dissociation detector

i selection

| / § v
h h
! / 2 detector

Figure 2: The fast radical beam (ranslational spectromeier. The dotted line separates the radical
production section on the left from the photodissociation section on the right. The flight
distance L between the dissociation laser and a detector is 0.68 m for the TOF detector, and
either 1.00 or 2.00 meters for the TPS detector.
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the ions are generated and photodetached, while radical photodissociation occurs in the
second region.

Methoxide ions are formed in a 60 Hz phlsed supersonic expansion of CH;OH
seeded in 5 atm Ne at room temperature. A' pulsed electric discharge in the throat of the
expansion creates negative ions,” which cool both rotationally and vibrationally during the
expansion. The ions are accelerated to 8,000 eV laboratory energy, and mass-selected by
the Bakker time-of-flight method.”® The output of a pulsed dye laser intersects the ion
beam at the appropriate time such that only methoxide ions are photodetached.
Furthermore, the detachment energy is just above threshold® (4v = 1.71 eV for CH;0, hv
= 1.66 eV for CD;0), so that methoxy is created only in its ground vibrational state.

In the second region of the apparatus, a frequency-doubled pulsed dye laser,
operating between 35,000 - 40,500 cm™ with a bandwidth of 0.3 cm’, intersects the
packet of methoxy radicals. The dissociation laser is calibrated against the absorption
spectrum of I,,! with an absolute accuracy of 1 cm™”. Fragments from a photodissociation
event are detected directly, without an ionization step, using one of two microchannel
plate (MCP) detectors. An aluminum strip across the center of each detector prevents
undissociated radicals from striking the MCPs, so that all signal observed is due to nascent
photofragments.

Three types of experiments are performed to characterize the photodissociation of
methoxy. First, photofragment yield (PFY) spectra are obtained by monitoring the total
flux of fragmcnts at the TOF detector, located 0.68 m from the dissociation laser, as a
function of laser wavelength, giving spectroscopic information complementary to

absorption and fluorescence measurements.




40 3 Photodissociation of CH30 and CD3;0

Second, after the PFY spectrum is acquired, the photodissociation laser is fixed at
a specific energy, and both fragments arising from a single parent radical are detected in
coincidence using a time- and position-sensitive (TPS) wedge- and strip-anode detec-
tor,”>" located 2.0 m from the dissociation laser. Due to the favorable kinematics of this
fast beam experiment, the data may be directly inverted to produce the 2-dimensional
coupled translational energy and angular distribution, P(Er,0), where Er is the center-of-
mass relative translational energy of the recoiling fragments, and 0 is their scattering angle
with respect to the electric field of the linearly polarized dissociation laser. This

distribution can be separated according to
P(E1,0) = P(E1)-{1 + B(E)- Py(cosO)} 2

into the angle-independent translational energy distribution, P(Er), and the energy-
dependent anisotropy parameter,” B( Er), which describes the angular distribution of
fragments. The high laboratory kinetic energy of the fragments affords an MCP detection
efficiency of = 50%, which is independent of the identity of the fragment (except for H or
D atoms, as noted below). For the experiments presented here, the translational energy
resolution is given by AEr / Er = 2.2%. This coincidence detection scheme is only feasible
when the mass ratio of the two fragments m;/m;, < 5.

Because of this restriction, detection of channel (/V) requires a different approach.
The third mode of operation is a non-coincidence experiment, in which the time-of-flight
of the photofragments is recorded by digitizing the signal from the TOF detector in 1 ns

time bins.*® The observable is a projection of the 3-D velocity distribution onto the radical
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beam axis, averaging out much of the detail which is present in the full P(Er,6)
distribution. In return, this sacrifice of detail allows us to detect hydrogen atom loss
channels. Given sufficient data, a Monte Carlo forward convolution routine can be
implemented to determine translational energy and angular distributions which are
consistent with the TOF data. In practice, the experiment is much more sensitive to D
atoms than H atoms, and this experiment has only been performed for CD;O. Even for D
atoms, the detection efficiency of = 8% is significantly reduced from that of “heavy”

fragments such as CHs.

III. Results

A. Photofragment Yield spectra of CH;0 and CD3;0

The PFY spectrum shown in Fig. 3 is the first direét observation of
photodissociation in the A (%4;) « X (E) transition of methoxy,” and also represents the
first spectroscopic transitions observed for Av > 37,300 cm™. The spectrum is composed
of two prominent vibrational progressions superimposed on a small but finite continuum of
photofragment signal. No signal was observed below 35,300 cm™. Rotational resolution
was not a priority in this study, and although it has been resolved, such spectra are very
congested, in part due to the estimated rotational temperatures of 35 - 50 K.
Therefore a relatively large laser step size of = 6 cm™” was adopted to allow increased
signal averaging at each photon energy. However, because of the underlying rotational
structure, each individual scan was offset slightly in energy from the previous data in a

given scan range in order to average over rotational features, which might otherwise




42 3 Photodissociation of CH30 and CD3;0

provide spurious structure since the laser step size is larger than the laser bandwidth
(0.3 cm™).
The two progressions in Fig. 3 have a spacing of =~ 600 cm’, which can be

identified with progressions involving vs, the CO stretch. The CO stretching mode also
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Figure 3: Photofragment yield spectrum of CH;0. The two quantum numbers for each peak in the 38 e(l)
progression refer to the values of » if the e symmetry mode is vs or vs. The 60 cm™ spin-orbit
splitting between the 2Ep, P = 32, 1/2 levels of the X state is shown.

dominates the absorption and LIF spectra, where it has a fundamental frequency of

= 662 cm™.*® The progressions are assigned as the pure CO stretch, 35 (2 = 6 - 13),

and a combination band 386%, (n =5 - 10), which involves one quantum of the non-totally

symmetric methyl rock vibration. The assignment differs from that presented in our
preliminary investigation,” and is discussed in section IV.A. On a finer scale, each peak
shows a splitting of approximately 60 cm’, corresponding to the spin-orbit splitting
between the “Esp, and 2E;, components of the ground electronic state. Both spin

components are present because each represents an allowed transition in the
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photodetachment of CH.O™ (‘4;). However, the “hot” spin-orbit distribution does not
imply a hot vibrational distribution. In fact, the photoelectron spectrum of CH;O"
(acquired on a different apparatus but with the identical ion source) shows no hot bands,
implying that all the ions are 1n their vibrational ground state.”® To aid in comparison with

LIF spectr a'13,16,23-28,30

of jet-cooled methoxy, which probed only transitions from the lower
?Es;, component of the ground state, the vibrational combs in Fig. 3 are centered on these

transitions.

T T T T T T T T T T T T T T T T T T T T T

L 6 7 8 9 'mén'_
T 90

8 n Al
- | r l I |3020-

Photofragment Yield

It H ! TR | " 2 L1 | I RSO SN YRUNUS NUUTINY TR TROIAF SO AN SN SUNN MY S 1
35500 36000 36500 37000 37500 38000
Photon Energy (cm )

Figure 4: Photofragment yield spectrum of CD;O.
Figure 4 shows the corresponding PFY spectrum for the. CD;O radical. The

general features of the spectrum are analogous to CH;O, i.e., 3§ is the main progression

and is accompanied by a combination band. However, the continuum signal underneath the
vibrational structure is more intense at lower energies for CD;O than for CH;O. In

addition, the combination band observed for CD;O is assigned to a different progression,

3724, as discussed in Section IV.A.
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B. Translational energy and angular distributions

The photofragment translational energy distributions, P(Er), arising from CH;O
and CDs0O, are given in Figs. 5 and 6 for excitation of several vibrational levels shown in
the PFY spectra of Fig. 3 and 4, respectively. The translational energy is binned in
intervals of 10 meV. For photon energies hv < 37,500 cm”, all signal arises from simple
C-O bond fission, i.e., channel (/). It is obvious that most of the available energy is
deposited into translation of the recoiling fragments, because the distributions peak near
the maximum translational energy available,’ as denoted by the dashed vertical line in each
distribution of Figs 5 and 6. The most striking feature in the CH:O P(Er) distributions is
the progression with a spacing of = 74 meV (600 cm™), which is easily seen in the 3¢ data
sets. As detailed in Section IV.B, these features arise from excitation of the v, umbrella
mode of the CH; fragment. Note that the vibrational features are much less distinct in the
35 and 3765 bands.

In the CD;0O P(E7) distributions (Fig. 6), most of the available energy again goes
into product translation, with a product vibraﬁonal progression of = 57 meV‘ (460 cm™)
observed, corresponding to excitation of the v, umbrella mode in CD; photofragment.
The most surprising results in Fig. 6 are the product state distributions observed when the
332(1) combination band is excited. In section’ IV.B we will show that these P(ErT)
distributions are the result of a bimodal distribution in the v, mode of CD;, with the two
most intense peaks corresponding to of v, = 0 and v, = 2. Note the stark contrast

between the distributions arising from 382(1) excitation of CDsO and those arising from

3264 excitation of CH;0.
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Figure 5: P(Ey) distributions for CH;0. Circles show CH; + O data, crosses show CH, + OH data,
while the line represents the fit to CH; + O discussed in the text. Thermodynamic

thresholds are given for CH; + O (- —~), CH, X (°B,) + OH (), and CH, @ (*4,) + OH
(-—-—- ). The spin-orbit levels of O(3P,~) are shown in the 33 panel.
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All of the P(E) distributions presented arise from excitation of the 2Esp, level of
the X state. Excitation from the 2E\p levels exhibits identical behavior, which is to be

expected since the level excited in the A (A,) state is identical. In addition, P(Ex)

distributions acquired at three different photon energies within the rotational envelope of

the 3% band of CH3O show no significant differences. Therefore, further investigation of

P(Ey)

0204 0508 1012 02040608101
Translational Energy (eV)

Figure 6: P(E7) distributions for CD;0. The legend is identical to Fig. 5.
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the dependence of the photodissociation dynamics on the excited state rotational level was
not pursued.

For hv > 37,500 cm”, the structured features in the P(Ey) distributions arising
from C-O bond fission remain, but a new feature is observed in both isotopes for Er < 0.5

eV which is due to production of CH, + OH (CD, + OD). The evidence for this new
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Figure 7: Photofragment mass spectrum exciting 3(1)3 of CH;0 (—) and 3})0 of CD:O (---).

Note that for Er > 0.5 eV, the deuterium isotope has the broader FWHM, implying
fragmentation to channel (I), while for Er < 0.5 eV the hydrogen isotope has the
broader FWHM, implying fragmentation to channels (II) and/or (II). The peak
heights are normalized to unity and do not represent branching ratios.
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channel is shown in Figure 7, which gives the product mass spectra of CHzO and CDs;O

for 3%)3 and 3%,0 excitation respectively, divided into contributions for Er > 0.5 eV and
Er < 0.5 eV. Note that for CD;0, the two fragments have masses 16 and 18 regardless of
whether channel (/) (CDs; + O) or channel (I1)/(ZI) (CD, + OD) is produced, resulting in
an identical product mass spectrum regardless of the branching ratio of these two
channels. In CH;0, the analogous decay pathways have product masses 15 and 16, or 14
and 17, respectively, such that formation of channel (/) should give rise to a narrower
peak for CH;O than for CD;O, while channel (I)/(ZII) products will give a broader peak
for CH;0 than for CD;O. From these observations, the only consistent conclusion is that
channel (/) products dominate for Er > 0.5 eV, while channel (II) / ({II) products
dominate when Er < 0.5 eV, as shown by the legend in Fig. 7.

The branching ratio of CH; + O : CH; + OH increases with photon energy, and is
3:1 for 3})3. The same trend occurs in CD;O, where the extreme case of excitation at
hv = 40,230 cm™ results in a branching ration CDs + O : CD, + OD of = 1:1, as shown in
Fig. 6.

In all the data sets acquired for methoxy, the anisotropy parameter S(Er) is
independent of Ey. For CH;0, the 3§ transitions show angular distributions which are
isotropic to within experimental error, while the 336%) fransitions are slightly anisotropic,
described by 8 = 0.4 + 0.1 for the transition at 36,268 cm”, and 8 = 0.3 £ 0.1 for the

transition at 36,842 cm” in Fig. 5. In CDsO, all the transitions give isotropic angular

distributions within experimental error.
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C. Non-coincidence time-of-flight distributions

As mentioned in the experimental section, a non-coincidence experiment must be
performed in order to assess the importance of the hydrogen atom loss pathway, channel
(IV). In our preliminary work on methoxy, we reported a branching ratio for channel (/V)
in CD30 of 2%3, and le%iéo for the 35 and 3 bands respectively.” The experiments
were repeated recently, and the data again shows evidence of D atom loss from CDs0O, but
with less intensity than our earlier data. Based on our experience with photodissociation
of the vinoxy radical, in which D atom loss is a major channel,*® it appears that the

branching ratio for CD,O + D is likely smaller than the values reported previously,
representing no more than 5% of the branching ratio at 3%)0. In any event, this decay

channel seems to be of minor importance in methoxy, at least for the photon energy range

used 1n this experiment.

IV. Analysis

A. Photofragment Yield spectra of CH3;0 and CD;0

The rotational term value of the A (2A1) « X (E) transition in CH;O was given
by Liu er al® as 31,614.51 cm’ from rotational analysis of the combined LIF and
microwave'® data. The effective 0 transition, measured from the lowest level of the 2Esp
component of the ground state, is 31,644.6 cm'l; it is convenient to use this value when
comparing the vibronically resolved A (A;) « X (Esp) components in our PFY spectra

with jet-cooled LIF experiments (in which all transitions originate in the 2Esp component).
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The significant increase in CO bond length for the A « X transition gives rise to
an extended Franck-Condon progression in v; for both absorption and LIF measurements,
and it is reasonabie to assume that the same progression will dominate the PFY spectrum.
While fluorescence is observed in CH;O up to = 37,000 cm™, spectroscopic assignments
from LIF are complicated in this energy range due to spectral congestion and Fermi

resonances. In our previous analysis of the PFY spectrum of CH;O,” we assigned the two
progressions shown in Fig. 3 as 3 and 385}), where the identity of the latter progression
was the only feasible assignment based on the accepted vibrational frequencies of the A
state at that time.” Due to a recent reassignment’® of the ve fundamental frequency in the

A state, (previously 595 cm”, currently 929.5 cm™), it is unclear from the peak positions

alone whether the combination band we observe in the PFY spectrum of CH3O arises from
the vs (1,403 cm™) or the vs mode. The ambiguity arises because the 36‘55 and 33“6(1,

progressions have nearly identical frequencies. However, our dynamics results discussed
in section V.B.1, together with recent LIF results,* suggest that the combination band

observed in dissociation involves the v methyl rocking mode rather than vs.

We assign the lowest energy dissociative transition as 3(6,, corresponding to an
energy 3,775 cm’ above the zero-point level of the A state. The assignment of the main
progression as purely 3 is complicated beéause of the Fermi resonance between v, and
2vsinthe A state, discussed further in section V. Based on the most recent rotationally

resolved LIF data,”® the 3(6) and 336%) transitions occur at 35,437 and 35,673 cm’

respectively, compared with the two lowest transitions in our PFY spectrum at 35,419 and
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35,666 cm. The comparison of LIF with PFY transition frequencies agrees to within
. experimental uncertainty when one considers that our rotational temperature (35 - 50 K) is
greater than in the LIF spectra (5 K), displacing the band maxima (which we measure)
from the true rovibronic origin. In addition, our laser step size of =~ 6 cm’ prevents us
from determining band maxima more precisely than this value.

The PFY spectrum of CD;O (Fig. 4) shows some interesting differences with that

of CH3O. Assignment of the 3§ progression is straightforward, due to the small isotope
shift in this mode (v = 663 cm™).? However, the combination band we observe is more
difficult to assign. While it is reasonable to assume that the same 3{6; progression found

in CH30 will be active in CD;0, this assignment gives poor agreement with the data. The

vs fundamental in CD;0 is reported as 1,047 cm’,?® and we estimate the vg fundamental
as 693 cm™ (based on the measured isotope shift in vs). From our observation of the 38

transition at 35,404 cm’, we expect the 385%) transition at = 36,451 cm™, which is in fact
a minimum between two peaks in Fig. 4, and the 356} transition at = 36,097 cm”, which
lies on the blue edge of the 38 transition. By contrast, thev, fundamental (CD;O

umbrella) is 971 cm™, from which the 382}) transition is predicted at = 36,375 cm’, in

better agreement with the first peak at 36,330 cm™ in the strong combination band of
CD;0O. Therefore we assign the combination band in the PFY spectrum of CDs;O- as

3520 » as corroborated by the dissociation dynamics discussed in section V.B.2.




52 3 Photodissociation of CH30 and CD3O

B. Translational energy distributions

1. CH;0

Analysis of the P(Er) distributions will focus primarily on the CH; + O product
channel, for which the most detailed information is obtained. The main goals of the
analysis are to deterrnine: (i) the best value of the bond dissociation energy Do(CH3~O),
(i) the CH; fragment vibrational distribution, and (iii) a measure of rotational excitation of
the CH; fragment. The analysis results are unchanged from those presented previously,
and a fuller description of the analysis isk given in this section.

The balance of energy for photodissociation of methoxy is given by
hv + Em[(CH:;O) = Do(CH3—O) + Er+ Ev(CHg) + ER(CH:,') + Eso(o 3P j) (3)

where E,, is the most probable rotational energy of the parent radical, Ey and Er are the
product vibrational and rotational energy, and Ego is the spin-orbit energy of the oxygen
atom. Based on a rotational temperature of 50 K, we estimate Ei(CH;0) = 35 cm’. We
can determine Dy since we measure Et directly, but only if we can locate an energy in the
P(E+) distribution for which the last three terms of Eq. (3) are zero. The steep falloff in
intensity on the high energy side of each distribution in Fig. 5 is evidence for this
thermodynamic limit, in which all the available energy goes into product translation,
forming CH; (v =0, J = 0) + O ¢P,). For each data set we obtain an independent

estimate of Dg by extrapolating to the energy where the P(Er) distribution reaches zero
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intensity. An average of these thresholds, deconvoluted from the experimental resolution,
is used for the parameter Dy in the fitting procedure discussed below.

In order to determine the product vibrational distributions, we fit the data to a set
of rotational / spin-orbit distribution functions separated by the accurately known term
energies of the CHs; umbrella mode.”” The distribution functions, fu(Er), are nearly
Gaussian in shape, with an asymmetric tail extending to lower translaﬁonal energy (i.e.,
towards higher rotational energy). The shape of this function is identical for every

vibrational peak in a given spectrum. The model distribution, F(ET) is given by:

F(Er)= 3,0, f,{Er — (v =Dy —nw, — A);T'} (4)

n =0

Here r labels the number of quanta in the CH; v, umbrella mode, I" is the FWHM of the
combined rotational / spin-orbit envelope and instrumental resolution, and A is the energy
difference between the maximum possible Et for each n {E1 (n) = hv - Do - nap} and the
peak of the nth rotational distribution function.

The coefficients o, give the CH; product vibrational distribution, while the
instrumental resolution can be deconvoluted from the width I" to give an indication of the
energy balance between the last two terms of Eq. (3).3® The solid line in Fig. 5 shows the
best non-linear least squares fit to each data set, with the results given in Table I. We note
that the fits are sensitive to the strong negative anharmonicity in the v, mode of CHs,

confirming our assignment that the highest energy peak in each spectrum corresponds to

v, =0.




54 3 Photodissociation of CH30 and CD3;O

The third column of Table I shows the FWHM of the rotational envelope in meV
for two limiting cases. The larger values fit the data if it is assumed that all the O atoms
are produced in their *P, ground state, while the smaller value assumes a statistical 5:3:1
population of the *Py. spin-orbit states. The magnitude of the spin-orbit splittings are
shown in the 3(7) panel of Fig. 5. Both limits reproduce the data well, implying that this

data is not sufficiently sensitive to distinguish between the two cases.

Fitting all the data sets for CH;O gives the best value of Do(CH;-O) = 3.807 £
0.013 eV. From the known heats of formation of CH; and O," we obtain the heat of

formation AH },0 (CH;0) = 0.29 £ 0.02 eV (6.8 = 0.4 kcal/mol). Additional

thermodynamic quantities are derived from this value in Ref. 7.

Transition | Av (cml) | FWHM® (Ev)) | v=0|v=1]v=2|v=3|v=4]| =5
(meV) (meV)
38 35,419 68 / 63 12 |84 ]14j 110} 01]0
3] 36,037 47 /39 14 [ 8216 1] 0| 0] O
3 36,619 50/41 26 | 67128 3| 1]0]o0
3 37,205 53/43 44 1521417111010
310 37,774 53/43 73 | 35|45 |16 4| 1] 0
3 39,384 73 /70 179 | 191520 | 28| 14| 4
3355 36,268 53 /45 10 [ 87|11 1]0]o0fo0
3856 36842 | 58/50 14 {80 |17} 1]0]0}o0

Table I: Product branching ratio for CH;O — CH; + O.

¢ FHWM of vibrational peaks after deconvolution of experimental resolution. The left value in this
column assumes production of only OCP,), while the right value assumes a statistical O(P}) distribution
(see text).

® Average vibrational energy
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Finally, we consider product state distributions for channels (/) and (1)),

producing CH, + OH, which are observed in the energy range Er < 0.5 eV upon excitation
of 3%)0 and 3%,3. While there is no reprbducible vibrational structure in this data, we can
speculate on the relative importance of CH, X (*By) vs. @ (*A;). Referring to Fig. 5, any
data with Er > E7° (IIl) can only be due to fragmentation via channel (I/). For
Er < ET™ (), both channels can contribute, but the significant rise in the signal

concurrent with the opening of the electronically excited methylene channel implies that

channel (/I]) is the major source of CH, + OH.

Transition | v (cml) | FWHM® [(Ev)* |v=0|v=1|v=2|v=3|v=4|v=5
(meV) (meV)
3% 35,404 80 | 6 37|38 |14 7)|4]o0
33 35,996 47 48 | 39|46 | 10| 4| 1] 0
3} 36,590 51 65 | 28|47l 17| 5| 21| 1
3 37,119 52 70 | 25|43 23] 7] 2] 0
3 37,679 63 88 [ 1839|2810 4| 1
3824 36,330 57 74 |31l jufla]lo
328 36,934 51 60 | 47|11 ]27]12] 3] 0
3624 37,516 52 79 |41 ] 17217 4] 1

Table II: Product branching ratio for CD;0 — CDs + O.

€ FWHM of vibrational peaks after deconvolution of experimental resolution.
¢ Average vibrational energy
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2. CD;0

A similar data analysis is undertaken for the CDs; + O product channel in the
deuterated species, with the results given in Table II. Deuteration lowers the frequency of
the methyl radical umbrella mode from 606 to 458 cm™,® which explains the less resolved
vibrational structure observed in the top two panels of Fig. 6. Two important differences
are observed in comparison to CH3O dissociation. First, for a given level of excitation in
the 3 progression, the CD; vibrational distributions are substantially hotter than those
observed for CHs. Second, the vibrational distributions for the 382(1) series are bimodal,
with the population of v, = 0 and v, = 2 always greater than that for v, = 1. The origin of
these effects will be discussed in the next section. Fitting all the data sets for CDsO gives
the best value of Do(CD:—0O) = 3.85 £ 0.02 eV, and therefore AH}‘O (CD;0) =0.16 =

0.04 eV (3.7 + 0.9kcal/mol).® Note the significant difference of 0.13 eV (3.1 kcal/mol)

compared to the heat of formation of CH;O.

V. Discussion

A. Photofragment Yield spectra of CH30 and CD>O

One of the important conclusions from the PFY spectrum is that, within our
detection limits, CH3O does not dissociate for photon energies below the 38 transition,
implying that the crossing of the Z state by the lowest of the three repulsive curves

shown in Fig. 1 occurs in the vicinity of 3,775 cm” above the A state zero-point level.

The threshold for dissociation and the energy of the curve crossing has been the subject of
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much debate among both experimentalists and theorists, with our value being the lowest
reported. Our threshold is unambiguous because we detect dissociation directly by
measuring the presence of primary photofragments. A very recent determination of the
dissociation threshold by Powers et al.,* via LIF lifetime measurements and fluorescence
depletion spectroscopy (FDS), gives 3,793 cm™, in agreement with our value.

One of the main complexities in the A (*A)) state of CH,O arises because two
quanta of vs establish a Fermi resonance with v, (CH;O umbrelia, 1289 cm™), giving rise

to a series of multiplets at each overtone in the 3 serics.“_ By fitting the observed

multiplet spectra to an anharmonic oscillator Hamiltonian for v, and v, Powers ez al.*°

obtained the dominant character of each member of the Fermi multiplet, although the two
modes are strongly mixed. An interesting question is whether the competition between
predissociation and fluorescence depends on which member of the multiplet is excited.

The splittings between Fermi multiplet components are significant. For example,
the 3y, 3522, and 3320 bands are separated by 35 and 43 cm” respectively,” giving a
total width to this feature of 78 cm’. However, the peak widths in Fig. 3 are also
broadened due to the width of the rotational bands (at least 20 cm™) and the fact that we
observe transitions in the PFY spectrum from both 2E3,2 and ’E, 2 components
(AE = 60 cm™) of the ground state. It is therefore difficult to determine whether different
multiplet components decay with different rates from the PFY spectrum. In fact, the LIF

and FDS experiments of Powers et al.** show no significant differences in lifetimes for

different members of a particular multiplet.
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In CD3;0, the Fermi resonance between v, and v; is lifted, and the vibrational
frequencies of all modes except vs are substantially lowered. The combination band in

CDs0 is assigned to the 382(1, progression, with the first member appearing in the PFY

spectrum as 382}). ‘While there is certainly enough energy for dissociation of 3?,21 , this
transition is not observed in Fig. 4, implying that for CD;0O, energy deposited in v, is not
available to facilitate fragmentation. In contrast, CH;O dissociates at 336%), ie., with five

quanta in v3. The isotopic comparison implies that excitation of an e symmetry mode
(observed for CH30) promotes dissociation, while energy deposited in the @; symmetry v,
mode (observed for CD30O) is not strongly coupled to the reaction coordinate. We give
further evidence for these conclusions in section V.B, based on the translational energy

and angular distribution data.

B. Channel (7) dissociation dynamics

Unimolecular photodissociation is a powerful technique because the disposal of
energy among translation, vibrational, rotational, and electronic degrees of freedom in the
products is a direct consequence of the potential energy surfaces on which this half-
collision occurs.® Consequently, the main information we obtain on the dissociation
dynamics of the methoxy radical is derived from the P(Et) distributions presented
graphically in Figs. 5 and 6, and numerically in Tables I and II. In this section we discuss
the dissociation mechanism for channels (/ - /IT) in light of the experimental product state

distributions.
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1. CH; + O products

It is evident from Fig. 5 that most of the available energy in the A « X
photodissociation of CH3O goes into product translation for channel (/). Although
radicals similar to methoxy, such as CH;CHO and HCCO, dissociate in the ultraviolet by
internal conversion (IC) to the ground state potential energy surface (PES), thé P(ET)
distributions for methoxy are inconsistent with such a mechanism. Indeed, SEP studies®
on CH30 prove that if IC were facile, H + CH,O would be the dominant product channel.
Instead, the large recoil energies observed in our data are indicative of dynamics on a
purely repulsive PES, in which potential energy is converted efficiently into translational
kinetic energy. The results of ab initio calculations by Jackels,” represented schematically

in Fig. 1, predict three excited electronic states of ‘A, *E, and *4, symmetry, which are
repulsive along the C—O bond and correlate asymptotically to CH; X (2A3) + ocp).
All our results for this channel are consistent with a mechanism in which non-adiabatic
coupling between these surfaces and the optically prepared levels of the A (*A;) state
leads to predissociation of CH;O. Given this basic description of the dissociation
mechanism, we can explore further mechanistic details in the experimental data.

First, we consider the flow of energy into product vibration. Based on the fitting
procedure presented in section IV.B, the P(Er) distribution is described accurately by
excitation in a single CH; mode, the v, umbrella vibration. Focusing on the 30
progression, and ignoring for the moment n = 6, a smooth incréase in the average CH;

vibrational excitation {Ev) is observed with increasing photon energy (Table I). Very little
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product excitation arises from the 33 level, in contrast to the inverted distributions for 3%,0
and 3},3.

The sudden approximation is often invoked to explain dissociation dynamics on
purely repulsive surfaces. In this model the fragments are assumed to dissociate

sufficiently rapidly that there is negligible coupling between translational and vibrational

degrees of freedom. In the sudden limit, the CH; vibrational distribution is obtained by a
Franck-Condon projection of the CH; moiety in the A state onto the asymptotic v,
vibrational levels of the free methyl radical. Specifically, the ZHCO in the A state is
106°, while asymptotically the methyl radical is planar, corresponding to £ZHCO = 90°
within C3, symmetry. Using ab initio force constants for CHs, the sudden approximation

predicts a most probable value of v, = 5 for the CH3 v, distribution, somewhat hotter than
the distribution observed at 3%)3, and clearly incorrect for all lower photon energies.

The failure of the sudden approximation implies substantial coupling of
translational and vibrational degrees of freedom as the dissociation proceeds on the
repulsive surface, allowing £HCO to relax smoothly with increasing CO bond length. In
other words, at low photon energies (e.g. 33 excitation), CH3O appears to evolve
adiabatically to products. This situation is entirely reasonable when one considers that the
light H atoms can respond quickly to motion of the heavy C and O atoms as rco increases,
maintaining an equilibrium value of ZHCO at each value of rco. This picture also explains
the behavior of the 37 P(Ey) distributions with increasing photon energy. The recoil

velocity between the C and O atoms increases with increasing available energy, such that
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the H atoms cannot respond as accurately to the changing potential along the ZHCO
coordinate, resulting in increased asymptotic CH; vibrational excitation.

The photodissociation dynamics of methyl iodide show a strong similarity to our
results on methoxy. For the CH;I — CH; + I* channel, which occurs on a purely
repulsive surface, the methyl fragment is produced with little vibrational or rotational
excitation. An adiabatic mechanism very similar to that described above for methoxy
governs the dynamics of this channel in CHsl, as elucidated by classical trajectory
calculations on ab initio potential energy surfaces for this system.”

We now consider partitioning of energy between the CH; rotational energy and the
spin-orbit energy of O (3P,-) (Eq. 3). As shown in column 3 of Table I, the vibrational
peak widths increase monotonically in the 3¢ progression for n 2 7, denoting increasing
rotational and/or spin-orbit product excitation. The oxygen atom can make a significant
contribution to the peak width because the *P, and *P; levels of the oxygen atom lie 28
and 20 meV above the ground state *P, level respectively.”® Although we present the
rotational envelope widths for the two limiting cases in which no energy or a statistical
distribution of energy is deposited in the oxygen atom, there is no reason to believe that
either limit reflects reality, nor that the spin-orbit state distribution is independent of
photon energy, as our two limiting cases assumey. Indeed, by analogy with the spin-orbit
distributions measured in O, dissociation® it is likely that the j distributions of the oxygen
atoms from CH3;O are not statistical, but fluctuate in a seemingly random fashion
depending the value of n. Subject to this assumption, we conclude that the increasing
peak widths in Table I reflect an increase of rotational excitation as a function of photon

energy.
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However, the amount of the available energy deposited in product rotation is still
relatively small. For example, in the 3},0 P(Er) distribution (Fig. 5), the energy difference
between CHz(v =0, J = 0, K = 0) and the peak of the CHs(v = () distribution is 50 meV
(6% of the available energy), corresponding to a CHz(v = 0, J = 6, K = 0) fragment.
Simply put, the fact that we resolve vibrational structure at all in the P(Et) distributions

means that product rotational excitation is not extensive. We propose that the small

amount of product rotation indicates a dissociation pathway which deviates little from Cs,

symmetry for 33 excitation.
In contrast to the P(Ey) distributions just discussed, the distributions for 38 and
3065 lack the well-resolved vibrational features present in the other spectra in Fig. 5. For

38 , the much broader vibrational peak is likely due to an experimental effect rather than

an increase in rotational excitation with respect to 33. The most recent literature value

for the fluorescence lifetime of 38 is 0.37 us,* a substantial fraction of the 9 us flight time

required for a CH30O radical with 8 keV center-of-mass energy to travel from the
dissociation laser to the TPS detector. Excited state lifetimes in this range degrade the
P(Er) distributions to lower Et because long-lived radicals remain intact for a portion of
the flight time, resulting in a smaller recoil vector measured at the detector, which
translates to an artificially small value of Etfor that event. Using the fluorescence lifetime
given above, this effect causes a 1/e broadening of 51 meV.* When this width is

deconvoluted from the 68 meV width given in Table I, the remaining rotational envelope

has a width of 45 meV, slightly narrower than the 47 meV width measured for 3(7).
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Therefore, rotational excitation of the CH; + O pfoducts following 3(6, excitation follows
the same trend as the other members in the 3 progression despite the broad peak
observed in Fig. 5.

The P(Eyt) distributions following 386}, and 336} excitation show broader peaks
than their quasi-isoenergetic counterparts in the 33 progression. Pow\ers et al.** found

that the fluorescence lifetime for 386(1) lies between the limits 20 ns = 7, 220 ps. As a

result of this short lifetime, the broadening effect described above for 3(6, is negligible
compared to the experimental resolution, and the increased width of the peaks is likely a
result of greater product rotational excitation. It is quite plausible that sampling of non-
Cs. geometries due to e symmetry vibration would result in greater torque 1n the exit
channel. and hence more product rotational excitation. This explanation is reasonable
when one considers that the Vs methyl rocking motion would naturally develop into
rotational excitation of the methyl radical about the b-axis, further dynamical evidence that
the combination band in Fig. 3 is principally due to 356; rather than 335;.

Recall that the product angular distributions for 3565 and 365 excitation are
described by anisotropy parameters of 8 = 0.4 and 8 = 0.3 respectively, while the angular
distributions of the 3§ progression are isotropic (8 = O). However, the A (4)) « X CE)
transition has a perpendicular transition dipole moment, which should result in an
anisotropy parameter 8 < 0. Although the vibronic symmetry of 386:3 is parallel (e « e),
the electronic part of the transition dipole remains (a < e) in the absence of perturbations

by other electronic states,” and hence should still give B < 0. Therefore the positive
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values of B measured for 356} and 36} excitation implies that the A state is perturbed
by another electronic state of e symmetry (such as the nearby ‘E state shown in Fig. 1),
which mixes an electronic ¢ < ¢ component into the transition dipole. These results are

consistent with the observation of both parallel and perpendicular rotational structure

resolved in bands containing fundamentals of e vibrations.*

As a final point on the angular distributions, we note that the observation of 8 # 0
for 386(1) does not necessarily imply that the excited levels have a shorter lifetime than

those in the 3 progression, for which §=0. Classically, 8 reaches the limiting value of

0.4 for a parallel transition of a symmetric top with a dissociative lifetime much longer
than a rotational period.*® Quantum mechanically, however, the anisotropy can average to
zero due to interference between rotational wavefunctions. As a result, we do not

speculate on the lifetime of the excited levels based on their angular distributions.

2. CDs + O products

The C-O bond fission channel in CD3O shows three main differences from that of
CH30. First, as stated in section V.A, the active combination band is 382%), in which all
vibrational motion is totally symmetric. Second, the CD; vibrational distributions resulting
from 3{ excitation are substantially more excited than at similar photon energies in CH;O,
as verified by comparison of the average product vibrational energies {(Ev) in Tables I and
II. Finally, the CD; vibrational distributions resulting from 382%, excitation are bimodal,

as shown in Fig. 6.
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Increased vibrational excitation of the CD; umbrella motion resulting from 3§
excitation follows directly from the adiabatic dissociation mechanism proposed for channel
(/) dynamics in CH3;0. When H atoms 'are replaced with D atoms in methoxy, the
increased mass inhibits the ability of these atoms to track the motion of the C and O atoms
during dissociation. As a result, the Z/DCO angle will not relax to its equilibrium value as
readily as in the lighter isotope, resulting in more excitation of the v, mode in CDs.

A similar isotope effect is observed in CDsl dissociation, and the complete
description of these effects found in Ref. 62 is most likely applicable to CD:O. However,
for the present purposes, the simple explanation given above is sufficient.

By far the most surprising result frqm the CDs0O P(Ey) distributions is the bimodal
CD; product state distribution observed following excitation of the 382%) combination
band (cf. Table II). To the best of our knowledge, methoxy photodissociation represents
the first observation of such an isotope effect on the product state distributions. A
compelling hypothesis for the origin of this dynamical effect lies in the relationship
between the umbrella mode frequency in the A state of CD;O (971 cm), and the
corresponding umbrella frequency in the CD; fragment (458 cm™). Due to the negative
anharmonicity in the methyl radical, the first overtone of v,(CDs) occurs at 966 cm™.”
Therefore, if the single quantum of v,(CD30) excited in the 382%) combination band does
not couple well to the reaction coordinate, the 971 cm” of energy deposited into this
motion will result in a propensity to populate the nearly degenerate first overtone of

v,(CDs), i.e., the amount of energy in umbrella motion will be conserved throughout the

dissociation. This hypothesis is also supported by the fact that 3(5)2%) does not dissociate
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(cf. Fig. 4), even thought this state has more energy than the 38 level, which does
dissociate.  This intriguing hypothesis calls for a comparison with reaction dynamics
calculations based on the new potential energy surfaces which are now becoming available

for methoxy.***°

3. Curve crossing mechanism

Until now we have discussed the dissociation dynamics without consideration of
the mechanism that couples the optically accessed A (*A,) state with the “A,, “E, and *A,
repulsive states. The calculations of Jackels demonstrated that the “E state is reached via
a one-electron transition from the A state, while the two A, configurations require the
rearrangement of two electrons.”®> He argued that the 24; < “E interaction should be the
strongest, because these states have a first-order spin-orbit interaction, analogous to the
% < “II coupling in a diatomic radical. The 24, < “A, interaction can occur by a
second-order spin-orbit interaction, while the ’4; <« 2A, interaction is most likely
dominated by off-diagonal elements in the nuclear kinetic energy operator.

9

Recent ab initio calculations by Pederson and Yarkony,” and by Cui and

Morokuma*® have defined the minimum seam of crossings between the A state and each
repulsive curve. The new calculations place the crossing points at lower energy than those
obtained by Jackels, in better agreement with our photodissociation threshold. The
coupling constants between the states are also calculated, along with the dependence of
the coupling at geometries away from Cs, symmetry.*

Until now, the experimental data has been discussed for simplicity under the tacit

assumption that one repulsive curve accounts for the entire dynamics of channel (/). One
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feature in Fig. 5 may shed some light on whether coupling with multiple curves contributes

to the final product state distributions. The CHs vibrational excitation resulting from 3§’
excitation is bimodal (cf. Table I), which could plausibly result from the contribution of an
additional repulsive curve at this high photon energy leading to vibrationally cold
products. Again, detailed assessment of this issue should soon be possible in light of the

new potential energy surfaces being developed.

C. Channel (IT) and (III) dissociation mechanism

Our experimental information on the CH, + OH product channel is limited. We
find that this product channel is absent for transitions with Av < 37,500 cm’, and
competes with the dominant CHs + O channel at higher photon energies. As pointed out
in section IV.B, on energetic grounds it appears that channel (III), producing
electronically excited methylene fragments, dominates production of ground state
methylene, channel (/7). Concerning the mechanism for this channel, the recent ab initio
study of the methoxy system by Cui and Morokuma®® explored the excited state
isomerization of CH;O — CH,OH, finding a transition state 1.00 eV above the A state
minimum. They point out that the A state of CH;O correlates through this transition
state to channel (/I]) products, while the X state correlates to channel un products‘. Our
data are consistent with the excited state mechanism, and the observed production of some
ground state methylene could easily be explained by a transition to a lower surface along
the isomerization or dissociation coordinate. A similar mechanism is probably responsible

for CD, + OD dissociation in CDsO.
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V1. Conclusions

The ultraviolet A (A;) < X (E) transition in both CH;O and CD5O is observed
to predissociate due to curve crossings with one or more of the excited 2A,, ‘A, and ‘E
repulsive states. Several interesting differences in the photodissociation dynamics have
been observed between the two isotopes. The photofragment yield spectrum of CH;O
shows a main progression in the C—O stretch, and a combination band with one quantum

of the e symmetry Vs methyl rock. The main progression is identical in CD;O, but the

combination band is assigned as 382}), involving the a; symmetry v, umbrella motion.

The 38 transition is the lowest energy transition observed to dissociate in either isotope,
placing the threshold for CH;O dissociation 3,775 cm™ above the zero point level of the
A state. In CH;O the combination band 336} dissociates for n = 5, while in CD;O
combination band dissociation is not observed unless » = 6. This mode-specific effect

demonstrates that the way in which energy is distributed in the A state effects the ultimate

outcome.

The major product channel is C—O bond fission giving a methyl radical and an
oxygen atom. The translational energy distributions for both isotopes show that the v,
umbrella mode of the CH;(CD:) fragment is excited. For 3§ excitation of both isotopes,
the product state distribution is described by an adiabatic picture in which the product
excitation slowly increases with increasing photon energy. Excitation of 3'56%) in CH;0
may result in more rotational excitation of the products, consistent with sampling of non-

C3, geometries in the A state. Excitation of 3'525 in CD;0 shows a surprising dynamical
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effect: the product state distribution of the CD; fragment is bimodal, with excitation of
v, =0 and v, = 2 always greater than that for v, = 1.

The results given in this article should enable a rigorous comparison between
experiment and theory because the data comprise both translational and vibrational
product state distributions, acquired at many different photon energies for two isotopes.
New ab initio potential energy surfaces are now becoming available for methoxy, and it
appéars that the methoxy radical will continue its tradition as a benchmark molecule in the

fields of spectroscopy and dynamics.
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4 Fast beam photodissociation spectroscopy

and dynamics of the vinoxy radical

1. Introduction

Molecular photodissociation is an important field of chemical physics as it offers a
well-defined way of probing the forces acting between atoms and molecules in chemical
reactions." The dynamics of a dissociating molecule depend intimately on the shape of the
potential energy surface of the system. Measurement of product state distributions can
provide direct information on important features of this surface, and this prospect has
motivated development of an impressive array of experimental techniques aimed at
extracting such distributions.> While most experiments of this type have been performed
on stable. closed-shell molecules, there is much to gain from the study of free radical
systemns using photodissociation. There are two qualitative differences between closed-
shell and open-shell systems‘ that should directly influence their - photodissociation
dynamics. First, the unpaired electron(s) of free radicals gives rise to more low-lying
electronic states (<5 eV) than are typically found in stable molecules. Second, closed shell
systems generally dissociate to give two radical fragments. In contrast, open-shell
molecules can often dissociate to a radical and a closed-shell fragment, making this bond

breaking process only mildly endothermic or even exothermic.

75
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Experimental studies of free radical photodissociation are relatively uncommon,
primarily because it is difficult to create sufficiently intense, contaminant-free sources of
free radicals. To overcome this limitation, we have devised a general technique for the
production of well-characterized radical samples using photodetachment of negative ion
precursors. In this paper we report photodissociation spectroscopy and dynamics of the
vinoxy radical, CH,CHO. The vinoxy radical plays a key role combustion chemistry,
specifically in the reactions of oxygen atoms with olefins.’ CH,CHO is a primary product
of the reactions OCP) + CoH,* OCP) + GoHa,* OH + GoH,,® and OH + GH,0.” These
reactions, and the CH,CHO intermediate, are generally important since ethylene and
acetylene are commonly present in combustion of larger aliphatic® and aromatic’
compounds. It is therefore of considerable interest to understand the spectroscopy and
dynamics of this species. This study of CH;CHO is part of a systematic effort in our
laboratory to determine how the dissociation dynamics of ‘simple’ alkoxy radicals depend
on the nature of the carbon bonding in the radical. The results presented here show that
the dissociation dynamics of CH,CHO, the smallest alkenoxy radical, are quite different
from those of the smallest alkanoxy and alkynoxy radicals, CELO ' and HCCO.!

1219 2nd electronic

The vinoxy radical has been the subject of several spectroscopic
structure®®* investigations. The first spectroscopic detection of CH,CHO, discrete bands
with a probable origin at 28,780 cm’, was reported by Ramsay'? in 1965. In 1981,
Hunziker' ez. al. reported two absorption bands of CH,CHO: one band in the infrared

originating at 8004 cm’, and a second in the ultraviolet, with its origin at 28,750 cm™.

Electronic state assignments for these bands were aided by ab initio molecular orbital

calculations by Dupuis et. al.! who predicted an IR transition, Z(ZA’) — X (A", at
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6,900 cm’, and a UV transition, B (*A”) « X (A”), at 26,000 cm”. The calculations
predicted a planar geometry and an allylic resonance between the two valence bond
structures CH,=CH—-Oe and ¢CH,—CH=0. The latter structure was favored as the ground
electronic state, with an unpaired electron primarily on the terminal carbon atom. The A
and B states were described as primarily CH,=CH—Qe, with thev unpaired electron on the
oxygen either in-plane or out-of-plane, respectively. |

Lineberger and coworkers' established the electron affinity of CH,CHO as 1.824
eV from negative ion photoelectron spectroscopy of CH,CHO™. Inoue and Akimoto™
observed laser induced fluorescence (LIF) and dispersed fluorescence spectra of the
B « X band. They assigned the vibrational modes of the radical using a triatomic model
in which the three modes are the CO stretch, the CC stretch and the CCO bend. The first
experimental information on the structure of CH,CHO was given by DiMauro, Heaven,
and Miller'® from rotationally resolved LIF spectra of the B (*A”) « X (*A”) transition .in
a supersonic jet. Based on the relative intensities of the a-type vs. b-type rotational
transitions (10:1) it was found that the transition dipole for the B « X transition points
essentially along the CCO backbone. Their LIF spectrum refined the values of the three
vibrational fundamentals in the B state that were seen in Ref. 14 as v1(CO stretch) = 917
cm’, vo(CC stretch) = 1122 cm™, and vs(CCO bend) = 450 cm”. The microwave spectra
of CH,CHO and CD,CDO due to Endo et al." yielded a more definitive determination of
the ground state geometry that was in good agreement with the calculation of Dupuis.?’
Later ab initio calculations by Yamaguchi er al.>> showed that the triatomic vibrational

model used by Inoue and DiMauro was insufficient to describe the vibrational structure of
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vinoxy. Yamaguchi adopted a new numbering of the modes (which is used in this paper)
based on all twelve vibrational degrees of freedom and reassigned the character of the 917
cm’ fundamental as vs(CC stretch), and the 1122 cm™ fundamental as v,(CH, rock).

Our interest in the vinoxy system was stimulated by the considerable differences

between the laser-induced fluorescence and absorption spectra. The published LIF

1415 show no fluorescence above 30,200 cm™ (ie., only 1,400 cm™ above the B

spectra
state origin), while the absorption spectrum' extends to 35,700 cm’, peaking at =32,500
cm’. The sharply truncated LIF spectrum implies that the excited state is depleted by a
fast non-radiative process. The presence of such a process is confirmed by hole-burning
spectroscopy on jet-cooled vinoxy, in which Gejo et al.!” measured fluorescence depletion
from 30,300 - 33,900 cm’, finding sharp vibronic absorptions in this region where
fluorescence is quenched. |

Three non-radiative processes could be responsible for fluorescence quenching:
direct predissociation via a repulsive state, intersystem crossing (ISC) to a quartet state,
and internal conversion (IC) to the ground electronic state. The latter two processes can
also lead to photodissociation. There is relatively little experimental and theoretical
information on the dynamics following excitation of the B state. Yamaguchi recently

reported calculations” on CH,CHO that explored the energy dependence of the X, A,
B,and C (*A’) states on the C-C torsional coordinate, finding that torsional motion may
couple the B state with the A and/or C states. Jacox found evidence for production of

CH: + CO following UV irradiation of CH,CHO in an Ar m;«ltrix,25 but with a threshold

near 34,500 cm’, much higher than the fluorescence cutoff energy. Previous attempts to
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observe photodissociation products in the gas phase using LIF have been unsuccessful

17,18
Our experiment directly detects the presence of photodissociation, and identifies
and characterizes the photodissociation products. We can therefore readily determine if

dissociation occurs following excitation of the B state and learn about the detailed
mechanism. There are several product channels which are thermodynamically feasible

following UV excitation of vinoxy:

CH,CHO —— CH, + CO  AH} = 0.08 + 0.09¢V % (1)

H + CH,CO 1.49 + 0.09 eV )
H, + HCCO 1.56  0.09eV 3)
C,H, + OH 256 +0.09eV (4)
CH, + HCO 4.16 £ 0.13 eV (5)

‘We observe photodissociation of vinoxy to both Channels 1 and 2 over the range 28,700 <

hv < 33,330 cm™ (3.56 < hv < 4.13 V). Channels 3, 4, and 5 are not observed in this

study. Our results indicate that excitation of the B state is followed by internal
conversion, eventually populating the X state, which then dissociates via Channels
1 and 2.

The experimental apparatus and data collection methods for the present
experiments are summarized in Section II. In Section III we present the photofragment

yield spectrum, translational energy, and angular distribution data for CH,CHO and
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CD,CDO, in addition to ab initio molecular orbital calculations on this system. Section
IV covers the analysis of the experimental data. Progressions in eight of the twelve
vibrational modes are assigned with the aid of ab initio frequencies. The data analysis for
Channel 2 is also presented, and we obtain the branching ratio between the two observed
channels. In Section V, the overall dissociation mechanism is discussed. For CHj + CO,
the translational energy distributions are compared with a hybrid statistical/impulsive
dissociation model. RRKM rates for the two observed channels are calculated and
compared with the experimental branching ratio. Finally, the mechanism of internal
conversion from the B state is discussed. A preliminary account of these experiments has

been published previously.?®

II. Experimental

A. The fast radical beam translational spectrometer

It is generally difficult to produce a well-characterized source of free radicals using
traditional molecular beam sources due to the high reactivity of open-shell species. Our
experimental approach takes advantage of this instability by recognizing that most free
radicals have positive electron affinities and form stable negative ion analogues. Any
contaminant ions present can be separated by mass spectrometry, after which the desired
neutral free radicals are generated by laser photodetachment of the corresponding mass-
selected anion. The packet of neutral radicals produced in the detachment step is then

dissociated with a second laser, giving the overall scheme:
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CH,CHO™ —== CH,CHO—=2— fragments (6)

The apparatus constructed in our laboratory, the Fast Radical Beam
Photofragment Translational Spectrometer, has been described previously in detail, %!
and only a brief description will be given here. The apparatus is divided into two distinct
regions, as shown in Fig. 1. In the first section, a clean source of free radicals is generated
from a negative ion precursor. The anion precufsor, CH,CHO', is formed in a 60 -
100 Hz repetition rate pulsed supersonic expansion of 1 torr of acetaldehyde (-78 °C)
seeded in 3 atm of O,. Acetaldehyde-d, is the precursor of CD,CDO™. A pulsed electric
discharge® creates ions in the high pressure region before the expansion, allowing the ions
to cool in the jet to rotational temperatures of typically 35 - 50 K. Molecular oxygen was
used as a backing gas because it sustains a steady glow discharge at lower voltages than
helium, neon, or argon, thereby keeping vibrational excitation of the anions to a minimum.
The ions pass through a 3 mm skimmer, are accelerated to 8000 eV laboratory energy,
and are mass selected using the Bakker time-of-flight method,” which imparts negligible
energy spread to the ion beam. As the various ions separate according to their m/e ratio, a
25 ns light pulse from an excimer-pumped dye laser is fired at the appropriate time to
photodetach only CH,CHO". The detachment wavelength (663 nm for CH,CHO™ and
667 nm for CD,CDQ") is only slightly above threshold,” producing radicals in their
ground vibrational state. All remaining ions are deflected from the beam leaving an

internally cold, high velocity beam of vinoxy radicals.
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Figure 1: The experimental apparatus. The dotted lines separate the radical production region on the left
from the dissociation region on the right.

In the second section of the apparatus, after a final 1 mm collimation, the vinoxy
radicals are dissociated by a frequency-doubled excimer-pumped pulsed dye laser
operating between 300 - 350 nm, with a bandwidth of 0.3 cm™. Neutral photofragments
recoiling out of the parent radical beam are detected directly, without ionization, using one
of two microchannel plate (MCP) detectors. The time-of-flight (TOF) and time- and
position-sensitive (TPS) detectors (described below) are located on the radical beam axis
68 and 100 cm downstream from the dissociation laser port, respectively. An aluminum
strip is placed across the center of each detector to prevent undissociated parent radicals
from smkmg the MCPs. The fragments are detected with high efficiency (typically 50%)
due to their high laboratory kinetic energy. However, the MCPs are considerably less
sensitive to very light fragments, such as H or D atoms, because these fragments are

formed with low laboratory kinetic energies.

B. Data collection and modes of operation

Three types of experiments are performed to characterize the photodissociation of
CH,CHO. First, the energy of the photodissociation laser is scanned and the total flux of
fragments is detected giving a photofragment yield (PFY) spectrum. It should be

emphasized that signal is observed only if the radical dissociates. This experiment uses the
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TOF detector which can be lowered into the beam on a manipulator arm. The TOF
detector has a 3 mm beam block and a simple metal anode which collects the total charge
from the MCPs. The fragment signal is normalized to dissociation laser power, and also
to the yield of electrons from the photodetachment of CH,CHO", correcting for any
variations in the radical production scheme. For vinoxy, a laser step size of 0.009 nm is
used, corresponding to a step size in energy of 0.8 to 1.0 cm™. The data are calibrated at
many different frequencies throughout the scanned range against the absorption spectrum
of I,,** with an absolute accuracy of 1 cm™ or better.

In the second type of experiment, the dissociation laser is tuned to a specific
photon energy of interest, and the dynamics of the dissociation process are studied. In this
case, both fragments from a single parent radical ére detected in coincidence using the
TPS detector;”** this is based on the detection scheme developed by de Bruijn and Los.*®
In this detector an 8 mm wide beam block is placed in front of a stack of three 46 mm
diameter optical quality MCPs. The two electron clouds produced from the impact of the
two fragments contain both spatial and temporal information describing where and when
the fragments collided with the first MCP. The electron clouds are collected using a
wedge and strip anode.>™*® The spatial resolution (in the plane of the detector) is 100 um
while the relative timing resolution between the two fragment arrivals (perpendicular to
the plane of the detector) is 500 ps.

From the timing and position information, we obtain the masses of the fragments,
their relative translational energy Er, and the polar angle 6 between their relative velocity
vector and the electric vector of the polarized dissociation laser (parallel to the ion beam

axis) :
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Here r; and r, are the distances from the center of the radical beam to each fragment on .
the detector face, R = r; + r, is the distance Between the photofragments, and 7 (= 1-%,) is
the difference in the arrival times of the fragments. M, m;, and m,, are the masses of the
barent and fragments respectively, vo and E, are the laboratory velocity and energy of the
parent radical, and L is the distance between the dissociation laser and the detector face.
Although the relative recoil R = r, + r, of the fragments is determined with high precision
(R/AR = 100) in the coincidence measurement, the individual recoils r; and r; are less
precisely known, resulting in a fragment mass resolution m/Am = 15.

Translational energy resolution of AE1/ Er = 0.6% has been demonstrated under

1deal c:onditions,35

although in these experiments the resolution is somewhat coarser,
typically AEt/ Er =2.2%. The finite geometric acceptance of the detector is corrected by
dividing the raw data by a detector acceptance function,” which gives the probability of
observing a coincidence event at each combination of Et and 6.

Due to the geometry of the detector, the coincidence detection scheme is only

practical when the mass ratio of the fragments m;/m, < 5. For mass ratios larger than 5,
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there is very little probability of detecting both particles in coincidence; if the heavy
fragment has enough energy to clear the beam block in front of the MCPs, the light
fragment recoils past the edge of the detector. Channels 2 and 3 fall into this category
where the mass disparity is too large for the coincidence experiment.

In order to detect Channels 2 and 3, a third type of experiment is performed that is
sensitive to product channels even if m/m; > 5. This is a less detailed, non-coincidence
experiment®’ in which the flight time of the fragments from the dissociation laser to the
TOF detector is recorded using a transient digitizer with 1 ns bin widtﬁ. The narrow
beam block, (3 mm) on this detector allows improved collection of heavy fragments
compared to the TPS detector described above. The resulting TOF distributions are a
one-dimensional projection of the photofragment velocity distribution in the laboratory
frame along the beam axis. These results are more averaged than the P(E1,6) distributions
obtained with the TPS detector, but in return are sensitive to all product channels because
two-particle coincidence detection is not required. This method is particularly useful for
detecting light atom fragments such as H or D atoms, because these will have a much
larger spread in arrival times at the detector and should thus be readily distinguishable
from the heavier fragments. Pairs of TOF distributions are acquired at each photon energy
with the dissociation laser polarized either parallel or perpendicular to the radical beam

axis. The analysis of these data is discussed in Section I'V.
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II1. Results

Our results from the three types of experiments are given in this section, followed
by a description of the electronic structure calculations on the vinoxy system. Before
presenting spectra of the vinoxy radical, we point out that the anion we photodetach at
mfe 43 is in fact CH,CHO", and not the isomer CH;CO™. While the two species are
indistinguishable in the parent ion mass spectrum, they have very different
photodetachment spectra. CH,CHO", the more Vstable ion of the two, has an electron
affinity (EA) of 1.824 eV,"” while CH,CO™ has an EA of 0.423 eV.* The photoelectron
spectrum of m/e 43 ions measured on a different apparatus in our laboratory (using the
identical ion source as in the photodissociation study) is in quantitative agreement with the
literature spectrum of CHCHO™."* Therefore we are confident that all photodissociation
spectra reported here arise unambiguously from the CH,CHO radical. Our photoelectron
spectrum shows a small amount of vibrationally excited radicals produced from
photodetachment bof vibrationally excited anions, but their concentration is too low to

substantially affect the results presented here.
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A. Photofragment Yield Spectra

The PFY spectra obtained from excitation of the B CA”) « £ (*A”) transition are
shown in Figs. 2b and 2c for CH,CHO and CD,CDO, respectively. The spectra show
extended vibrational progressions in the excited electronic state with narrow linewidths,
indicative of fragmentation by predissociation rather than by direct excitation to a

repulsive potential energy surface. Peak positions and intensities for CH,CHO and
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Figure 2:  Photofragment yield spectra of the vinoxy radical. Energy in excess of the

B « X 08 transition is given along the top abscissa. (a) simulation of CH,CHO, (b)

CH,CHO experimental data, (¢) CD,CDO experimental data. Translational energy and angular
distributions in Figs. 4 and 5 were acquired at the vibronic transitions marked with *.
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CD,CDO are given in Tables I and II. Our transition energies agree quantitatively with
those of DiMauro ez. al.'®, but disagree with the measurements of Inoue and Akimoto™ by
as much as 45 cm™.

The published LIF spectra’**® of CH,CHO show features up to 1,400 cm™ above

the 0f transition. All these fluorescent levels are observed in our PFY spectra, indicating

a competition between fluorescence and predissociation. The origin transition is the

strongest line in the LIF spectrum,’® but very weak in the PEY spectrum, indicating that
the quantum yield for dissociation (Dys) Of 08 is small. Nonetheless, measurable

dissociation occurs across the entire band, including the origin. The intensities in the PFY
spectrum increase rapidly as the photon energy is raised, even though the Franck-Condon
factors for absorption increase only slightly, indicating a steep rise in Pqis. Above 1,400
cm’ of excess energy, where the LIF signal is strongly quehched, we expect that Py =1,
and our overall intensities are in accord with low-resolution absorption'> and high
resolution hole-burning'’ data. Each vibrational transition in Fig. 2 is in fact composed of
many rovibronic transitions. The sharp spike that dominates each vibrational transition
represents a band head in the R-branch of the rotational contour, as first analyzed by
DiMauro et al.'® However, due to the higher rotational temperature in our supersonic
expansion (= 30 - 50 X) and limited laser resolution, it is not possible to discern whether

lifetime  broadening occurs in the PFY spectra above 1,400 cm’.
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For CD,CDO no LIF spectrum has been published, although a spectrum was

4

acquired by Inoue and Akimoto,'* who reported only the positions of three peaks at ‘

28,840, 29,608, and 29,820 cm”. The values for excess energy in the B state given in

Table II are calculated under the assumption that the first peak observed by Inoue is the

0g transition of CD,CDO. In the PFY spectrum of CD,CDO in Fig. 2c, the lowest
transitions show no detectable signs of predissociation, and the shape of the overall
spectrum, punctuated by the strong feature near 30,000 cm’, is quite different from the
CH,CHO data,. A gradual increase in the intensity of unstructured signal with photon
energy is present in the spectra of both isotopes, but is much more pronounced for
CD.CDO. The unstructured component is not present in background scans taken with the
photodissociation laser blocked, demonstratiﬂg that this broad signal is due to

photofragments of the parent radical.

v v-vy® |1 v V-V I v v-vo |1
29828.4 | 988.4 320 §30583.1 | 1743.1 | 310 320924 | 32524 | 264
29858.0 | 1018.0 | 230 1§ 30726.6 | 1886.6 | 523 32144.2 | 3304.2 | 228
20945.1 | 1105.1 293 |} 30767.7 | 1927.7 | 343 321854 | 33454 | 244
29957.8 | 1117.8 | 575 | 30949.6 | 2109.6 | 344 32294.2 | 3454.2 | 315
29970.6 | 1130.6 | 987 | 30975.0 | 2135.0 | 264 32323.9 | 3483.9 | 361
299774 | 11374 216 | 31056.2 | 2216.2 | 344 32337.8 | 3497.8 | 234
299974 | 11574 1000 | 31122.0 | 2282.0 | 496 32371.5 | 35315 | 224
30006.8 | 1166.8 | 416 } 31397.0 | 2557.0 | 305 32504.1 | 3664.1 | 245
30173.5 | 13335 116 | 31546.8 | 2706.8 | 578 32573.0 | 3733.0 | 209
30200.2 | 1360.2 130 | 31559.0 | 2719.0 | 284 32635.2 | 3795.2 | 190
30207.1 | 1367.1 | 148 | 31568.4 | 27284 | 363 32689.8 | 3849.8 | 422
30247.7 | 1407.7 118 | 31882.5 | 3042.5 | 326 32719.2 | 3879.2 | 212
30369.7 | 1529.7 | 569 | 31927.6 | 3087.6 | 250 33096.3 | 4256.3 | 260
30423.0 | 1583.0 | 679 | 31979.6 | 3139.6 | 588 331119 | 4271.9 | 239

Table: II Peak positions (cm™) and intensities for the PFY spectrum of
CD,CDO, Fig. 2c.

¢ Energy in excess of the 08 transition measured by Inoue and Akimoto at 28,840 cm™.
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B. Coincidence photofragment distributions: CH; + CO

Using the TPS detector, we perform coincidence measurements to probe for
dissociation via Channels 1, 4, and 5. For this set of experiments, the photodissociation
laser is fixed on one of the peaks marked in Fig. 2 and both fragments are detected in
coincidence. The photofragment mass spectrum is easily found by conservation of linear
momentum in the center of mass frame according to Eq. 7, and is presented in Fig. 3 for
both CHZCHO and CD,CDO. Despite the limited fragment mass resolution of

m/Am = 15, the use of both isotopes of

L CHZCHO‘ vinoxy demonstrates that the heavy fragment

i ---- CD,CDO | ,
contains no hydrogen atoms. Therefore the
| | only product channel observed in
coincidence is Channel 1, CH; + CO. We
‘ see no evidence for production of GH, +

10 .20 M3'0” 0

ragment vas OH or CH; + HCO. The results for Channel

Figure 3: Photofragment mass spectrum of :
CH;CHO and CD,CDO. Note thatthe 2 H + CH,CO, will be discussed in Section
higher mass peak (m = 28) does not
shift upon deuteration and must be IML.C
assigned to CO. The cofragments are o
CH; and CDs, respectively.
Once the identity of the fragments are

known, the coupled translational energy and angular distribution, P(ET,6), is determined
by direct inversion of the data using Egs. 8 and 9 along with the calculated detector
acceptance function.”? The two dimensional P(Er,6) distribution can be separated into an

angle-independent translational energy distribution P(E7), and an energy-dependent

anisotropy parameter,’ that describes the angular distribution of the fragments:
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P(E7,0) = P(Er)-{1 + B(E;)- P,(cos6)}. (10)

" The limiting cases of sin’@ and cos’@ angular distributions are given by 8 = -1 and +2,
respectively. Together, the P(Er) and B(ET) distributions can yield detailed information on
the dynamics of the dissociation process.

In analyzing the current experiment, E is binned in 30 meV increments, while 6 is
binned in 1° increments. The general data analysis scheme remains the same as in previous
papers, with the exception of one refinement in the analysis of the angular distributions
that yields more smoothly varying functions of the anisotropy parameter § with Er. The
data are divided into translational energy windows of width 0.4 eV, where E’ is a running
parameter such that £’ < Er < (E’ + 0.4 eV). Bis assumed to be constant over this 0.4 eV
window and is determined from a linear least squares fit of the distribution P(Er,6) to Eq.
10 with P(Et) and B as the fitting parameters. The quantity E” is then incremented in 30
meV steps beginning with E” = 0 and the fitting procedure is repeated until the enﬁre
energy range of the data is covered. In other words, S(Er) is constructed as a moving
average over (0.4 eV windows in Er. Using these values of B(Er), a second linear least
squares fit in the single parameter P(Et) is determined for each individual 30 meV wide
energy bin, completing the separation of P(Er,6) into two one dimensional distributions,

i.e., P(Er) and B(Er).
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Figure 4: Photofragment translational energy distributions P(Er) and angular distributions S(Et) for CH,

+ CO. Statistical error bars on B(Er) represent tlc. Vibronic assignments are given in
addition to the excess energy for each transition when possible.




94 4 Photodissociation of the vinoxy radical

The resulting P(Er) and B(Er) distributions for photodissociation of vinoxy
yielding CHs; + CO and CD; + CO are shown in Figs. 4 and 5, respectively, for the
vibrational levels noted in Fig. 2. Each data set consists of 10,000 to 40,000 coincident
events. The translational energy distributions are similar at all photon energies for both
isomers, peaking at == 0.9 eV. Both the width of the distributions and the most probable
translational energy increase slightly as the photon energy is increased, but the changes are
minor. The angular c]isuibutioﬁs are isotropic (Bé 0) at the lowest three photon energies.

However, anisotropic distributions with B(Er) > 0 are observed at all energies 1,408 cm’

and higher above the B state origin. This apparently abrupt change coincides with the
large drop in fluorescence quantum yield, and indicates that the dissociation rate increases

markedly between 917 and 1,408 cm™ excess energy.

C. Non-coincidence photofragment distributions

To determine whether the B state of vinoxy also decays fhrough Channels (2) and
(3), non-coincident TOF distributions for CD,CDO dissociation are obtained using the
third type of experimental configuration described in Section IL.B. The data are shown as
circles in Fig. 6, and Fig. 7 shows one of these spectra in greater detail. The four photon
energies chosen correspond to the four coincidence spectra in Fig. 5. TOF distributions
are presented only for CD,CDO, because the detection efficiency of the MCPs for D
atoms is substantially greater than for H atoms due to the higher laboratory kinetic energy
of the heavier isotope. Even for D atoms, the detection efficiency appears to be = 8% (see

Section IV.B) of that for heavy fragments such as CD; or CO.
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Figure 5: Photofragment translational energy distributions P(Er) and angular distributions B(E7) for
CD; + CO. Statistical error bars on (E7) represent £16. Excess energy above the origin is

referenced to Inoue and Akimoto’s value'® for 03 = 28,840 cm™.

The appearance of all the TOF spectra is roughly the same. Each consists of a
sharp spike superimposed on a broader peak that is about 100 ns wide. There is also a
very broad, weak feature from 3.5 to 3.9 ps, better seen at 20x magnification, which has a
FWHM of =10 times that of the sharp spike. The sharp spike is only slightly broader than
the TOF distribution of the undissociated parent radicals (measured by moving the TOF
detector off-center by several mm; see Fig. 6f, implying that these fragments have very
little velocity imparted to them by the dissociation process. The broad, weak feature

arises from fragments which are significantly forward/backward scattered by the
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dissociation event. It is therefore a reasonable conclusion that these two features
represent the heavy and light fragments, respectively, of a dissociation channel whose
mass ratio is at least 10:1. The analysis in Section IV.B shows that these two features are
from the D + CD,CO channel, and that the 100 ns wide peak under the spike is from the

CDs + CO channel.

D. Ab initio electronic structure calculations

To supplement the experimental data and aid in interpreting our results, we have
performed ab initio molecular orbital calculations using the Gaussian 92*' and Gaussian
94* suite of programs. Our main goal is to characterize stationary points on both ground
and excited state potential energy surfaces. The calculated energies, structures, and
vibrational frequencies at various minima and transition states are very useful in assigning
the PFY spectra in Fig. 2 and understanding the photodissociation dynamics of the system.
The absolute and relative energetics of the various minima, transition states, and
asymptotic states relevant to the vinoxy system are shown in Fig. 8 and tabulated in Table
HI, while geometries and vibrational frequencies are listed in Tables IV and V. Fig. 8isa
schematic representation of the surfaces involved in this system, sections of which have /
been previously investigated by Donaldson et al.> and bDeshmukh et al® The zero of
energy is chosen to be the zero-point level of the CH,CHO X (A" potential well. The
only experimentally determined barrier height is that for dissociation of acetyl (CH;CO) to
CH; + CO, (TS3), found to be 0.75 + 0.02 eV **°. This agrees well with our calculated

barrier height 0.44 + 0.31 =0.75 eV, with respect to the CH3CO well.
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Figure 6: Photofragment time-of-flight distributions for all photon energies used in Fig. 5. Laser

polarization is either parallel (I ) or perpendicular (L) to the radical beam axis. Circles are the
experimental data. For all panels except (f), the solid lines give total simulation. In panel (f),
the solid line is the experimental TOF distribution of parent radicals (CD,CDO) taken with the
detector displaced 10 mm vertically.
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Figure 7: CD,CDO TOF distribution for 3,140 cm™ excess energy, showing individual fragment
contributions. Experimental data (*), CD,CO (— —), CO (—--—),CD; (- - -). (a) sum of
all contributions ( ); (b) Magnification to show D atom contribution ( ); (¢) P(Ey)
distribution (———) for this fit, with prior distribution also shown for comparison (- - -).

We have used the G2*¢ and G2Q*" methodologies for the ground state surface.
These methods have been compared extensively with experimental thermodynamic values
and give accurate (0.1 eV) estimations of dissociation energies. Because the single
determinant wavefunctions in the G2 treatment do not work well for excited states, we

have also performed multi-configurational complete active space self consistent field

(CASSCFH calculations®® for the X s A , and B electronic states of vinoxy with the
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6-31G** basis set. Building on earlier work®?*?%*, we choose an active space which con-
sists of three electrons in the three a” orbitals [CAS(3,3)] for the X and B states, while

for the A state the a” lone pair on oxygen is excluded and the singly occupied a’ orbital
on oxygen is included in the active space. The agreement with earlier calculations®'*** is

very good with respect to energies, geometries, and frequencies. We refine the CASSCF

energetics using single point CASSCE-MP2* to include dynamic electron correlation.

Method Species Relative
y Energy”
G2/G2Q CH,CHO % (*A”) 0.0
‘ CH:CO X (A" -0.31
TS 1 1.78
TS 2 1.74
TS3 10.44
CH: + CO 0.04

H+ CH,CO ¥ ('A)y) 1.50
H + CH,CO 3 CA”) 3.90

C;H, + OH ‘ 2.57
CH, + HCO 426
CASSCF(3,3)-MP2 /6-31G** | CH,CHO X (*A”) 0.0
CH,CHO 4 (A" 0.73
: CH,CHO B (A" 3.52
CASSCF(5.5)-MP2 /6-31G** | CH,CHO £ (*A”) 0.0
CH,CHO A (A" 0.79
TS 4 2.09
Experiment CH,CHO 4 (*A") 0.99°
CH,CHO 3 (A" 3.569°

Table II: Ab Initio energies of stationary points in Fig. 8.

? Total energy relative to the zero-point level of CH2CHO, in eV.
®Ref. 13
“Ref. 15
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The direct bond cleavage CH,CHO — H(*S) + CH,CO requires a CASSCF

wavefunction to properly describe the spin coupling, since the ground state of vinoxy in C
symmetry correlates with CH,CO @ (CA”), while the A state of vinoxy correlates with

CH,CO X (*A;). For dissociation along the reaction coordinate leading to triplet ketene,
five electrons are distributed among five orbitals [CAS(5,5)], which are chosen to be the
C-H. o-bond (10a”), the C—O z-bond (1a”), the unpaired electron on the methylene
C (2a”), the C-O n* orbital (3¢”), and the C—H, o* orbital (11¢"). This active space
contains the most important configurations needed to describe the breaking of the C-H,

bond along with the resonance character of the CCO backbone as described by Dupuis ez

al® The C-H, cleavage of CH,CHO A (*A") to singlet ketene is investigated by a similar
extension of the active space. Again, the energetics are refined using CASSCF-MP2.

A comparison of calculated and experimental excited state energies in Table III
shows that the CASSCF-MP2 treatment gives a fairly good description of the vinoxy
energetics. However, . Table V shows that the CASSCF vibrational frequencies are
systematically too high compared to experiment, and that the calculated C-C and C-O
bond lengths for the X (*A”) state differ considerably from the experimental values. A
CASSCEF calculation of the geometry by Yamaguchi®* using a larger (DZP) basis set yields
results similar to ours, indicating that the good agreement found by Dupuis® between the
experimental and ab initio geometry of the X (A”) state (using a smaller 3-21G basis)
was probably fortuitous. The disagreement arises mainly because CASSCF neglects

dynamic electron correlation. To obtain a benchmark for the CASSCF error in the excited

state geometries and frequencies, we have performed a QCISD*’/6-31G** geometry
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Figure 8: Schematic of potential energy surfaces of the vinoxy radical system. All energies are in eV,

include zero-point energy, and are relative to CH;CHO ° (A™). Calculated energies are
compared, when possible, with experimentally determined values in parentheses. Transition
states 1-5 are labeled, along with the rate constant definitions from RRKM calculations. The
solid potential curves to the left of vinoxy retain C, symmetry. The avoided crossing (dotted
lines) which forms TS5 arises when C, symmetry is broken by out-of-plane motion.

optimization and frequency calculation on CH,CHO X (A™). From this comparison we

have an estimate of the error in the calculated CASSCF vibrational frequencies for the B

state, which cannot be calculated using QCISD.
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Method X A" X A" experiment | B (2A”) experiment
CAS(3,3) | QCISD CAS(3,3)

HC.C) 1.436 1434 1.408° 1.450 1466

rC.0) 1224 1.241 1.261° 1.360 1.337

r(CoH,) 1.073 1.080 1.081¢ 1.072 1.069°

r(CoHy) 1.073 1.081 1.080% 1.071 1.069°%

r(C.Hy) 1.089 1.100 1.088° 1.075 1.069%

Z(C,C,0) 122.6 122.6 122.4° 121.5 129.5

Z(H.CyCo 119.4 119.2 120.1

Z(HyCyCo) 121.0 121.2 119.9

£(H,C,0) 119.7 1204 116.8

vi(CoH.H, asym. str.) a’ | 3447 3353 3460

Vo(CoH.H, sym. str.) a” | 3333 3233 3348

v3(C,H, stretch) a’ | 3207 3057 3362

v4(C,O stretch) a’ | 1666 1593 1540° 1881 1623

vs(CoH.H, scissors) a’ | 1598 1522 1454 1561 1407

ve(OC,H, bend) a’ | 1519 1439 1361 1438 1274

v2(CoH.H, rock) a’ | 1216 1179 1141 1212 1123

vg(C,Cy stretch) a’ | 1036 993 949 998 918

ve(C,C,O bend) a’ | 537 507 498 480 449

Vio(CH, wag) a” | 981 977 453 437

Vll(CaCb torsion) a” 467 446 245 ) 274

Vi(CoHiH, wag)  a” | 666 73 267

Table V: Comparison of CASSCF/6-31G**, QCISD/6-31G**, and experimental
geometries and frequencies.®

The results given in Table V demonstrate that the bond lengths are in better
agreement with the microwave values than previous multi-configurational studies. The

agreement is not yet quantitative, as the QCISD C—C bond length is 0.026 A longer and

“See Fig. 8 for atom label definitions.
®Ref. 16.

‘Ref. 15.

“Fixed.

‘Ref. 15, AIP-document No. PAPS JCPSA 81-2339-8 (all frequencies in column),

Current work (all frequencies in column).

#Polarization functions on H with CAS(3,3) accomplish a similar lowering of the a” vibrational
frequenices found from a larger CAS in Ref, 24.
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the C—O bond length 0.020 A shorter than experiment, respectively. Compared to the
CASSCEF frequencies, the QCISD frequencies are consistently lower for the 9 a” modes
and roughly equal for the 3 @” modes, and are therefore in improved agreement with
experimental values from dispersed fluorescence.” The systematic lowering of frequencies
and improved geometry is evidence that QCISD more accurately describes the electronic
structure of CH,CHO X (A”). Presumably, basis set extension for QCISD would further
improve the comparison of theory to experiment. The comparison between QCISD and
CASSCEF for the ground stéte suggests that the CASSCF frequencies for the B state are

also too high. This will be useful in interpreting the photofragment yield spectrum in

Section IV.A.

IV. Analysis

In this section we analyze the vibrational structure in the CH,CHO photofragment
yield spectrum and present Monte Carlo simulations of non-coincident photofragment

TOF distributions.

A. Photofragment yield spectrum

The vinoxy radical has 12 vibrational modes which have been assigned principal
characters by Yamaguchi® as given in Table V: 3 out-of-plane @” modes, 6 in-plane a’
modes involving the heavy atoms, and 3 high frequency a” modes which are primarily
hydrogen stretches. The large number of totally symmetric modes makes the assignment
of the vibrational structure in the PFY spectrum nontrivial. We follow a systematic

procedure, simulating the spectrum with the aid of ab initio frequencies. Starting with the
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lowest peaks in the spectrum of Fig. 2b, the fundamental vibrations are assigned to a
mode, the spectrum is simulated using approximate Franck-Condon factors (FCF) from
Yamaguchi,” the vibrational constants are refined, and certain peaks at higher energy in
the experimental spectrum are assigned as combination bands. Higher frequency
vibrational modes are then added, one by one, and the process is repeated until the
majority of the peaks in the spectrum are predicted by the simulation.

The simulated CH,CHO spectrum is shown in Fig. 2a, the peak assignments are
listed in Table I, and the frequencies for the B state obtained from our analysis are listed in
Table V. Since the intensities in the simulation mimic the FCFs for absorption, the
predicted intensity for several of the lowest energy transitions is t00 great. The
photodissociation yield ®y;,s for these transitions is small, so they are not as intense in the
PFY spectrum as in the absorption and LIF spectra. In the region where no fluorescence
is observed, the absorption and photofragment yield intensities should be identical, since
essentially all the excited molecules dissociate rather than fluoresce.

Using this iterative method we assign progressions in all 6 of the heavy atom a’

modes, V4 - Vo, and 2 of the @” modes, vy and v;;. The vinoxy radical is planar in both the

X and B states,15 so that (in the absence of vibronic coupling), excitations in non-totally

symmetric a” vibrations are allowed only for Av =0, £ 2, + 4... Due to the large change

in ab initio frequencies of the ¢” modes between the X and B states, it is not surprising

that these modes are active. Our vibrational assignments agree with those of Gejo er al.”’

except for their assignment of v = 1,406 cm’! and vs = 1,433 cm’!, which contrast with

our assignments of v¢ = 1,274 cm” and vs = 1,406 cm”. Our assignment of the Ve
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frequency seems to be more in line with the CASSCF ab initio frequencies (Table V)

which are consistently 7 - 11% higher than experiment for the X state. Overall we find a
more consistent match of the simulated and experimental PFY spectrum with our

assignments. Note that not all of the experimental peaks listed in Table I are assigned, and
that the assignment of the peak at 29,976 cm’ to the 8(1)11%, transition requires vibronic

coupling that presumably involves the A (A state.

A comparison of the photofragment yield spectrum of CH,CHO in Fig. 2b with the
simulation in Fig. 2a and the LIF specl:rum15 shows mode specific competition between
fluorescence and dissociation for the lower vibrational levels of the B state, with
excitation of a” vibrational modes resulting in higher @ than nearby levels in which only
a’ modes are excited. For example, excitation of the 11% and 10% transitions (a”) at
excess energies of 547.7 and 873.5 cm”, respectively, results in a significantly higher ®g
than the nearly isoenergetic 9(1) and 8%) transitions (@) at 449.0 and 917.6 cm”. The

implications of this effect will be discussed further in Section V.E.

The photofragment yield spectrum of CD,CDO in Fig. 2c appears substantially
different than that of CH,CHO. The differences between these spectra arise for two
reasons. First, the vibrational levels in the B state are shifted to lower frequency upon
deuteration; their ab initio values have been calculated by Yarnaguchi.23 Therefore
deuteration will change both the positions and the FCFs of the B CA") « X A"
absorption spectrum in CD,CDO. Secondly, the quantum yield for dissociation as a
function of photon energy is different than that of CHCHO. In particular, we cannot

detect any resolved dissociation signal for photon energies less than 29,828 cm™, implying
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that the dissociation rate at low excess energies is slower than that for CH,CHO.
However, the intense cluster of six peaks around 29,975 cm implies a substantial increase
in the dissociation rate =1,100 cm” above the origin level. This energy is similar in
magnitude to the energy at which fluorescence is quenched and the photofragment angular
distributions become anisotropic in CH,CHO. Due to the lack of structure in the first
1,000 cm-1 of the PFY spectrum of CD,CDO, we have not attempted to assign the
vibrational modes in this spectrum. The data from a full LIF spectrum of the deuterated

species would make assignments more tractable.

B. Monte Carlo Forward Convolution for CD,CDO TOF distributions

The non-coincidence TOF distributions in Fig. 6 are due to all the fragments
produced in the dissociation of the vinoxy radical. A direct inversion of this data to give
the translational energy and angular distributions for all product channels is clearly not
feasible. However, because the energy and angular distributions of Channel 1 (CD; + CO)
have already been determined, any new features in the observed non-coincidence TOF
distributions must be due to a second product channel. We can extract information on the
dynamics of this channel by employing a forward convolution technique to simulate the
experimental TOF data. In this analysis, a set of product channels, each with its own
P(Er) distribution and anisotropy parameter B, serves as inputs to a Monte Carlo forward
convolution program® which generates the 1-D TOF distributions that would be observed

in our experiment based on the apparatus geometry and finite spatial acceptance of the

detector. By comparing the predicted TOF distributions with the experimental
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distributions, the initial estimate for channels other than CDs; + CO can be refined as
needed until the simulated and observed TOF distributions agree.

For Channel 1, the P(E7) distributions in Fig. 5 are used, and 8 = 0.4 is taken as
the energy-independent value of the anisotropy parameter; this is the average value of
at the excitation energies where TOF measurements were taken. The contribution of CDs;
and CO to the total TOF is shown in Fig. 7a. The remaining features in the TOF data are
the narrow spike in the middle of the distribution and the broad wings at the edges of the
spectrum. Only Channels 2 and 3, CD,CO + D and DCCO + D,, are consistent with these
features. The thermodynamics for the two channels differ by only 0.06 eV,'"**?” making
them both energetically feasible. However, the kinematics are quite different; if D, +
DCCO is assumed to be the sole heavy-light channel, the P(Et) distributions required to
simulate the broad wings extend beyond the maximum Er allowed by thermodynamics.
Moreover, the D + CD,CO channel results from simple bond fission and should have at
most a small exit barrier (< 0.3 eV), while elimination of D, would pass through a more
strained four-center transition state, causing a substantial barrier on the potential energy
surface. Therefore e¢limination of D, should be kinetically disfavored compared to simple
bond fission, and we propose that Channel 2 is the only channel other than Channel 1
contributing to the TOF distributions.

Because we expect a rather small exit barrier for Channel 2, a plausible initial
estimate for the P(Ft) distribution is a prior distribution,”! ie., the approximate
distribution expected for statistical dissociation with no barrier, shown in Fig. 7c (dashed
line). However, the experiment is most sensitive to translational energies E1 > 0.5 eV, and

agreement with the data is much better with a slower fall-off at higher Er shown by the
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solid line in this figure. We find that 8 = 0.25 gives the best overall fit using this P(Er)
distribution; larger values of f cannot ﬁi data from both polarizations simultaneously. An
additional parameter in the simulations is the detection efﬁciency of D atoms. This should
be independent of the photon energy or polarization, and only values in the range of = 8%
efficiency can simultaneously reproduce the data at all four photon energies and both laser
polarizations.

The resulting overall fits including the contributions for Channels 1 and 2 are
shown as solid lines in Figs. 6 and 7a and are in good agreement with the data. The P(ET)
distributions for Channel 2 at all measured photon energies are similar to the distribution
in Fig. 7c, peaking close to zero and with a maximum Er of around 1.3 eV. This

- approximate independence from the photon energy was also seen in Channel 1.

Thé branching ratio of Channels 2 to 1 derived from the simulation of the TOF
distributions is 4:1, with negligible dependence on the photon energy. However, because
of the insensitivity of the simulation to low trapslational energies for Channel 2, we
estimate that the true branching ratio could range from 2:1 to 6:1. In any event, we

believe that CD,CO + D is the major product channel at all photon energies studied.

V. Discussion

A. Implications of the experimental data
The most important experimental results are as follows. (1) The photofragment

yield spectrum shows that CH,CHO predissociates across the entire B(CAN « X(AY

band. Predissociation and fluorescence are competing processes, with predissociation
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dominating at energies > 1,400 cm” above the B state origin. (2) Below 1,400 cm”, there

is some mode-specificity in the competition between fluorescence and dissociation, with
vibrational levels in which a” modes are excited dissociating more rapidly than nearby a”
levels. (3) The CH3+CO photofragment angular distribution is isotropic at low energies
but becomes anisotropic with B(Er) > 0 above 1,400 cm’. (4) The photofragment
translational energy distributions P(Er) are relatively independent of excitation energy for
Channels 1 and 2, and peak at energies well below the maximum allowed by energy
conservation.

The last observation is the most important as it implies that dissociation does not

oécur by coupling of the B state to a repulsive surface correlating directly to products.
Dynamics occurring on a repulsive excited state typically deposit a large fraction of the
available energy into relative translation of the fragments, and one expects the P(Ert)
distributions to shift towards higher Et as the excitation energy is increased; both of these
effects were observed in photodissociation of CH,0,"° fér example. The P(Er)
distributions for CH,CHO imply a different mechanism, in which Channel 1 (CH; + CO)
results from the dissociation of a strongly bound state over a substantial barrier, whereas
Channel 2 (H + CH,CO), for which the P(Et) distributions peak near Er = 0, results from
dissociation of such a state over a much smaller barrier.

In the following discussion, this mechanism is considered in more detail. We will
show that the set of results obtained here is consistent with the initial electronic excitation
being followed by internal conversion (IC). This process eventually populates the ground
electronic state where energy randomization occurs, followed by decomposition to the

two observed product channels. We first consider the asymptotic final state distributions
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for the two channels and the branching ratios that would be expected from such a
mechanism; most of this discussion focuses on Channel 1, since considerably more
detailed data are available than for Channel 2. We then consider how IC might connect

the initially excited electronic state to the ground state on which dissociation occurs.

B. Dissociation mechanism and product state distributions: CH; + CO

1. Barrier to dissociation of Channel 1

The P(Er) distributions for Channel 1 all peak in the range of Er = 0.9-1.0eV. If
this channel resulted from statistical dissociation on a surface with no exit barrier (i.e., no
barrier with respect to products), one would expect a translational energy distribution
described by phase space theory or a prior distribution, peaking very ricar Er=0. This
clearly disagrees with our experimental evidence. On the other hand, the distributions for
Channel 1 are consistent with statistical dissociation over an exit channel barrier. Such a
process is statistical in the sense that energy randomization occurs prior to dissociation,
but passage over the barrier results in rapid release of energy which is not statistically
distributed among the product degrees of freedom. Instead, a substantial fraction of the
barrier height is converted to fragment translation, resulting in a P(Et) distribution peaking
at 40-80% of the barrier height. 52 Therefore, our experimental P(Er) distributions for
Channel 1 imply a barrier with respect to products of between 1.1 and 2.2 eV in the CH; +
CO exit channel.

The nature of this barrier can be inferred from our ab initio calculations. Fig. 8
shows that the reaction coordinate to Channel 1 on the ground state surface iﬁvolves

passage over two barriers: TS1, the barrier to isomerization (via a 1,2 hydrogen shift)
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between CH,CHO and the acetyl radical, CH5;CO, and TS3, the barrier to elimination of
CO from CH;CO. TS1 is the higher energy transition state and is found to be a nearly
planar CH,CO moiety with the out-of-plane migrating H atom shared between the two

carbon atoms. This isomerization is reasonably facile because the ¢” unpaired electron on

the methylene carbon in the X state is available for bonding with the migrating H atom.

The calculated energies of TS1 and TS3 are 1.74 eV and 0.40 eV, respectively,
above the CH3+CO products. The latter value agrees with the experimentally determined
exit barrier to CHsCO dissociation, 0.36 eV,*** but is too low to account for our P(Er)
distributions for CH,CHO dissociation. On the other hand, the calculated barrier height
for TS1 is in the range expected based on the P(Er) distributions. The simplest mechanism
consistent with our data and the PES is that after traversing TS1, dissociation occurs so
rapidly that the small barrier TS3 does not trap the radicals in the CH3;CO well, nor does
TS3 control the final product states. Therefore we can envision, for the purpose of
understanding the product state distributions, a simplified PES with only a single barrier
(TS1) between CH,CHO X (A" and CH; + CO. This hypothesis can be tested by
comparing the P(Er) distributions we observe (Fig. 4) against the predictions of
photodissociation dynamics models (see Section V.B.2).

As an aside, we note that if CH,CHO A(*A" were formed by IC, the 1,2
hydrogen shift would be much less favorable because the there is a C=C double bond in

this state.”’?* Forming the transition state analogous to TS1 therefore requires significant

torsional distortion of the C=C double bond to a non-planar geometry, in addition to the
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strain energy associated with the tight transition state, resulting in a high energy transition

state. It therefore unlikely that CH; + CO production is feasible on the A surface.

2. Statistical adiabatic impulsive model

In this section, we present a simple model to describe the dissociation dynamics of
a molecule undergoing statistical decomposition over a barrier. Simple models predicting
the P(Enq) distribution for molecular photodissociation can be divided into two categories.
Statistical models predict the P(Et) distribution for unimolecular dissociations through a
loose transition state (TS). Examples include prior distributions,” phase space theory,”
separate statistical ensembles method,>* and the statistical adiabatic channel model.>’
Sudden approximation models, such as Franck-Condon (FC) mapping>® and thé impulsive
model,”’ are more suitable for predicting the P(Er) distribution for direct dissociation on a
repulsive potential or over a barrier associated with a tight TS.

For excitation energies in proximity to the barrier height, the repulsive nature of
the potential dominates the dissociation process, and the sudden approximation can often
predict the product state distributions. However, for excitation energy in significant
excess of the barrier height, which we believe is the case for Channel 1, a more general
approach is required combining both statistical and sudden models. As an example of

such an approach, North ez al.’®

have developed the barrier impulsive model which
predicts the average energy in product translation, rotation, and vibration for dissociation
over a potential barrier. We have developed a qualitatively similar approach, the statistical

adiabatic impulsive (SAI) model, in order to predict the P(Er) distributions for Channel 1.

The SAI model is described briefly here and will be presented in more detail elsewhere.*
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Figure 9: (a) Definition of terms in the Statistical
Adiabatic Impulsive (SAI) model. (b)
Comparison of SAI (- - -) and
experimental ( ) P(Ey) distributions
for CHz+CO at three selecied energies.

As shown in Fig. 9a, the total
energy available to the products (Esva =
hv — Dg) is divided into two separate
energy reservoirs: a statistical reservoir
(the energy from the TS up to the total
available energy, i.e., Eqa = Eavai—E7s) and
an impulsive reservoir (the energy of the
TS relative to the ground state energy of
the products, i.e., Eimp = E1s). The energy
of the TS, Ezs, corresponds to the zero-
point level of TS1 with respect to the CHs
+ CO products. The SAI model requires
knowledge of the TS geometry, frequen-
cies, and normal modes, which in the
present case are taken from our ab initio
calculations.

We assume that energy is
randomized among all vibrational modes at
the transition state (ic., the top of the
barrier). For the statistical reservoir, each

vibrational mode at the transition state is

correlated®® with a particular product
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vibrational (V), rotational (R), or translational (7)) degree of freedom. For example, in the
CH,CHO system at TS1, two skeletal bending modes correlate with product R, and two
stretching modes and the reaction coordinate correlate with product 7. The remaining
seven vibrational modes at the TS are the only modes that asymptotically correlate with
product V. These designations are given next to vibrational frequencies for TS1 in Table
IV. Next we make the assumption that beyond the TS the internal motions evolve
adiabatically to products. This assumption seems justified because the fragments will
separate rapidly after traversing the transition state region. Hence, for each possible
vibrational state at the TS, the quantum numbers in each mode are preserved throughout
the dissociation. The vibrational energy deficit or surplus for each state is assumed to
flow freely between V and T degrees of freedom, while energy at the TS in the two
skeletal bends goes entirely into product R. This yields the internal energy Psa(E.,)
distribution for the statistical reservoir. The product state distribution of the fragments
from this reservoir is not strictly statistical in the sense of a prior or PST distribution, in
which the energy is randomized among fragment states. Rather, energy is statistically
distributed at the tight TS and evolves adiabatically to the products.

The impulsive reservoir’s contribution to the product energy distributions is
determined by the TS geometry. For this reservoir, the vibrational energy distribution of
the products is determined by Franck-Condon projection of the zero-point TS
wavefunction on to the asymptotic product wavefunctions. For each final vibrational
state, the remaining energy in the impulsive reservoir is partitioned between translation

and rotation using a rigid impulsive model based on the TS geometry. The Pump( E.,)

distribution for the impulsive reservoir is the sum of the impulsive model result for each
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combination of vibrational product states, weighted by their FC projection factors. For
vinoxy dissociation through TS1, approximately 55% of the exit barrier height evolves
into Er. The Pip( E., ) distribution is independent of excitation energy, as the energy of
this reservoir remains constant. This provides an explanation for the maximum intensity at
= 0.9 eV in the experimental P(Er) distributions and its relative independence on
excitation energy.

Finally, the overall P(E;,) distribution is created by a convoluting the statistical and

impulsive distributions:
' Esr..n . . ,
P(Ey) = JPsm(Em:)'Pimp(Emt“Eim)dEim 11)

0
The translational energy distribution P(Et) is then obtained by plotting P(Eiy) vs. Er =
Eavail - Em. We emphasize that the SAI model contains no adjustable parameters and
conserves energy in each separate reservoir and therefore for the overall process.
The predictions of the SAI model and experimental P(Er) distributions are shown
in Fig. 9b for three excitation energies. The reasonable agreerﬁcnt between the model and
the data lends credence to the idea that the P(Er) distributions for Channel 1 are

determined largely by the height and geometry of the vinoxy/acetyl isomerization barrier.

3. Comparison with CH;CO decomposition

In experiments related to the vinoxy system, several groups have examined the
fragmentation of the acetyl radical, CH;CO — CH; + CO. In these experiments, CH3;CO is
not laser-excited to a state of specific energy, as in the present work on CH,CHO, but is

instead prepared with a distribution of internal energies by either (i) photodissociation of
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acetyl halides CH;COX (X = CI**% Br® 1%') and acetone,*® or (ii) charge neutralization
of the acetyl cation, CHgCO”.6263 In the photodissociation experiments, CHzCO is formed
with average internal energy <Ei> = 0.8, 1.3, 1.5, or 1.7 eV, depending on the photon
energy and the identity of the primary photofragment (Cl, Br, I, or CH;). In all cases the
P(Er) distributions for CH; + CO peak at 0.22 - 0.3 eV. Tﬁese experiments offer
convincing evidence that the translational energy ciistributions are determined by the
0.36 eV exit barrier (TS3) and depend only weakly on <Ey>. In addition, the significant
differences in the P(Et) distributions in these experiments compared to ours supports our
hypothesis that the dissociation dynamics of CH,CHO — CH; + CO are not determined
by TS3, but rather by TS1.

In the second set of experiments, Komig et al.62 and Hop and Holmes® have
studied the dissociation of CH3CO produced by charge neutralization of CH;CO" with Na,
K, or Cs atoms. The work by Kornig ez al. is particularly relevant to our results, as they
measured the translational energy release of the dissociation to CH; + CO in a fast beam
dissociation experiment similar to ours. They estimate that excited acetyl is created with
<Ei> = 1.9, 2.7, or 3.1 eV of internal energy, when formed by the three alkali atoms,
respectively. Their P(Et) distributions depend little on the alkali atom used, and are
remarkably similar to our distributions in Fig. 4, peaking at 0.8 eV. However, since
CH;CO" has a linear® CCO backbone, whereas neutral CH;CO X (*A") has Z(CCO) =
127°, the Franck-Condon overlap of the ion with thc acetyl ground state is expected to be
poor. Nimlos er al®® predict that an excited state of acetyl, the linear CH,CO A *A”)

state, lies = 1.3 eV above the ground state. We therefore surmise that in charge
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neutralization experiments, CH;CO is formed in the excited A state, due to better FC
overlap with the linear cation. Furthermore, the P(Et) distributions of Kornig are not

consistent with the work described above by North*-*%

and Kroger,* in which
dissociation definitely occurs on the ground state PES. Therefore we can only conclude
that the dissociation to CHj; + CO studied by Kornig either occurs on an excited state
surface, or that they grossly underestimate the value of <Ei,> of the acetyl radicals. In

either case, the resemblance of their P(Et) distributions to ours seems to be purely

coincidental.

C. Dissociation mechanism and product state distributions: H + CH,CO

The P(Er) distributions for Channel 2 peak near Er = 0. Using the same
argumenté as in Section V.B.1, this channel likely results from statistical dissociation over
at most a small exit barrier along the reaction coordinate. From Fig. 8, we can determine

if such a mechanism is plausible. There are three possible routes to H + CH,CO. The first

two possibilities are direct C—H bond fission from CH,CHO X (A" or CH,CHO A A%
as shown on the left side of Fig. 8. The third route is direct C—H bond fission from the
isomerization product CH;CO, shown on the right side of Fig. 8.

All three routes have barriers with respect to products, because the reverse
reaction of H (*S) + CH,CO X (*A,) involves a radical reacting with a closed-shell
molecule. TS2, the barrier to C-H bond fission from CH3CO, lies only 0.24 ¢V above the
product asymptote. However, TS2 lies 2.05 eV above the CH;CO minimum, whereas the
barrier to C-C bond fission, TS3, lies only 0.75 eV above CH3CO. Once isomerization to

CH;CO occurs, Channel 1 should therefore be strongly favored over Channel 2.
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However, we observe that the Channel 2:Channel 1 branching ratio is approximately 4:1.

It is therefore unlikely that passége over TS2 contributes significantly to Channel 2.
CH,CHO X (*A”) correlates adiabatically (in C, symmetry) with the @ (A"
excited state of ketene, while the first excited vinoxy state, CH,CHO A (ZA'), correlates

adiabatically (over barrier TS4) with ground state ketene X (A). At non-planar
geometries the two surfaces may couple through an avoided crossing, allowing the
dissociation pathway CH,CHO X (A" — CH,CO X (‘Ay) + H. The exit barrier TS5
along this path is suggested in Fig. 8§, although we have not definitively located a non-
planar transition state in our calculations. We adopt an exit barrier height of 0.13 eV®
advocated by Benson for the addition reaction H + CH,CO on the ground state surface.
The transition state frequencies for TS5 (Table IV) are also estimated using values given
by Benson.®® TS5 lies considerably lower in energy than TS4 with respect to the H +
CH,CO products, and the P(E7) distributionsr for Channel 2 are more consistent with

dissociation on the ground state surface over TSS5.

D. Product branching ratio

In this section we consider the relationship between the product branching ratio
and the proposed mechanism for Channels 1 and 2. TS5, the barrier along the most likely
reaction path for Channel 2, lies slightly lower in energy (1.63 eV) with respect to the
CH,CHO X (*A”) minimum tﬁan TS1, the isomerization barrier (1.78 eV). In addition,
TS5 is a “looser” transition state than TSI, since it involves bond fission rather than

rearrangement. One would therefore expect statistical dissociation on the ground state to
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favor Channel 2, in agreement with the experimental results that show this channel to be

favored by about 4:1.

To put this argument on a more quantitative footing, we can compute the RRKM

W(E")

rate constants £ = —
hp(E)

for the two elementary reaction steps:

CH,CHO —¥5CH,CO (12)

CH,CHOX(A") —H + CH,COX('A)) (13)

where W(E™) is the total number of available vibrational states at the transition state, 4 is
Planck’s constant, and p(FE) is the density of reactant vibrational states. Both p(F) and
W(E") are calculated using the Beyer-Swinehart algorithm and the vibrational frequencies
for the reactant and transition states from Table IV. The resulting rate constants at a few
brepresentative photon energies are given in Table VI. The dissociative lifetimes on the

ground electronic surface are in

Table VI: RRKM dissociation rate constants.

Photon Energy | ki(E) (s/10™) | k(E) (s7/10™) the range of 1 - 10 ps.

hv = 28785 1.0 42

hv = 31000 1.6 6.5 Based on the discussion
hv = 33300 2.4 9.3

in Section V.B, isomerization

should be the rate-limiting step

for Channel 1, so the branching ratio can be computed from these two elementary
reactions alone. The ratio ky:k; is = 4:1, a value which matches the experimental branching

ratio. Although this excellent agreement may be fortuitous, it further supports our
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proposed mechanism in which Channels 1 and 2 result from dissociation of CH;CHO on
its ground state potential energy surface, with the dynamics and branching ratio largely
determined by the transition states TS1 and TS5, for isomerization and C-H bond fission,

respectively.

E. Internal Conversion

The preceding discussion strongly indicates that Channels 1 and 2 result from
dissociation on the ground state potential energy surface, but has not considered how
electronic excitation of the B state is converted to vibrational excitation of the X state.
There are two likely pathways for this internal conversion process. The simplest is direct
internal conversion from the B CA”) to X (A”) states, with the radiationless trans'ition
rate determined by Fermi’s Golden Rule. On the other hand, the vinoxy radical has two
low-lying excited states in addition to the B (A”) state, namely the A(*A) and C(%A)
states, with term values of 0.99 eV (experimental®) and 4.60 eV (predicted®),
respectively, at planar geometries. One must therefore consider whether energy flows to
the X (2A”) state via one or both of these states.

Experimental data on the fluorescence and dissociation rates are relevant to the
nonradiative relaxation mechanism. Barnhard e al.'® and Rohlfing® have measured
fluorescence lifetimes on the order of 100 ns for several vibrational levels of the B state
with less than 1400 cm™ excess energy. These values are entirely consistent with the
photofragment angular distributions for Channel 1 in this energy range, all of which are
isotropic, indicating that the excited radical lives for many rotational periods before

dissociation occurs. The non-radiative rates in this energy range must be comparable to
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the fluorescence rates since fluorescence and dissociation are competitive. Given that the
RRKM rate constants (Table VI) are at least 10" s?, it is clear that non-radiative
relaxation is the rate-limiting step for dissociation below 1,400 cm™.

1415 and the

However, above 1,400 cm™, the fluorescence yield drops abruptly
photofragment angular distributions become anisotropic. This indicates a rapid increase in
the non-radiative rate. We can quantify this increase by recognizing that the anisotropic
angular distributions above 1,400 cm imply a lifetime of the excited radical with respect
to dissociation of less than a rotational period. The appropriate rotational constant for
calculating the rotational period of this nearly prolate symmetric top is (B + ()/2 =
0.35 cm™; using J = 10 (K = 0) as an average value, the rotational period about the b and ¢
axes is approximately 5 ps. In order for dissociation to occur on this time scale, the
overall internal conversion process populating the ground state must be at least this fast,
so its rate must increase by about four orders of magnitude in a relatively narrow interval
around 1400 cm™ excess energy.

Based on Fermi’s Golden Rule, one would expect the internal conversion rate from

the initially exci