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Preface

Vibrationally mediated photodissociation (VMP) deals with the influence of
vibrational excitation of the ground electronic state of a molecule on its dis-
sociation following excitation of this state to a higher electronic state. VMP
studies were initially motivated by the prospect of enhancing the photo-
dissociation cross section as a result of vibrational pre-excitation. However,
more recently the main interest in VMP has been driven by the hope that by
preparing some specific vibrational levels rather than others, the subsequent
dissociation of the electronically excited molecule could be controlled. In
other words, the goal of achieving so-called “mode-selective’ or ““bond-selec-
tive” dissociation has been at the heart of VMP studies. Obviously, for this
goal the molecule should have at least two vibrational modes. Therefore, the
focus of VMP studies has been on triatomic or larger molecules.

The scope of this monograph is to present the methodology of VMP via
state-of-the-art specific examples. Overviews of earlier works are included as
well, to serve as a background for current research. The presentation deals with
“isolated” neutral molecules in the gas phase; VMP in complexes, clusters or
condensed phases is not discussed. Wherever appropriate, original studies are
quoted, including the original drawings. It is hoped that from the description of
the motivation, the approach, the execution of the experiment and the analysis
of the results of the specific examples, the reader will get a comprehensive
understanding of the field. In addition, a general introduction and summary
should give the necessary orientation before and after plunging into details. The
limited length of the monograph imposes selection of only a limited number of
examples from the extensive literature dealing with VMP that could be dis-
cussed, but an effort has been made to give references to as many studies as we
were aware of. We apologize for any possible oversights.

The level of presentation is appropriate for senior undergraduate and
graduate students of chemistry and physics. It is hoped that the monograph will
serve as an introduction to VMP for beginners and as a literature guide to those
acquainted with the subject but not necessarily working on VMP. Obviously, in
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vi Preface

a monograph of limited length, very detailed explanations of the experimental
and theoretical methods involved in VMP could not always be included;
however, references to original studies are presented at the end of each chapter
and should help readers who are interested in more details.

I would like to thank the students of our laboratory and colleagues all over
the world for their learned input via very many discussions we have had in
meetings and through the mail. During the writing of the monograph I have
contacted many authors of the papers cited in the monograph and I apologize
for not mentioning them all, since a full list would include tens of names. I
would still like to mention those whose help has been particularly extensive, our
graduate and postgraduate students Amir Golan, Chen Levi, Ran Marom and
Alex Portnov and my friends and colleagues Ilana Bar, who also deserves most
of the credit for the VMP work conducted in our laboratory, Paul Dagdigian,
Aryeh Levin and Moshe Shapiro. Last but not least, I am greatly indebted to
the members of my family, whose names I am not mentioning at their request.
Without their support and patience, this monograph would not have been
written.

Salman (Zamik) Rosenwaks
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Useful Physical Constants and
Conversion Factors

Table 1 Physical constants (rounded). Symbols for units: C= Coulomb,
J=Joule, K = Kelvin.

Quantity Symbol Value SI Units Cgs Units

Electron charge e 1.6022 10"°C 10 % emu

Electron mass m, 9.1095 103" kg 10 8¢

Bohr radius ao 5.2918 107""'m 107 cm
(atomic units)

Rydberg constant R, 1.09737 10"m™! 10°cm™!

Speed of light in ¢ 2.99792 105ms™! 10" cms !
vacuum

Planck’s constant h 6.6261 10734 Js 107 ergs

h/2n 7i 1.05459 1073 Js 10 “ergs

Gas constant R 8.3144 103 Tkmol ' K 107 ergmol 'K !

Avogadro’s Na 6.0221 10%° kmol ! 10% mol !
number

Boltzmann’s k 1.38066 1072 JK! 10 ergK!

constant (R/Nya)

Table 2 General conversion factors.

Length .

1 Angstrom (A)=10""m =10"nm; 1 micrometer (um)=10"%m
Force

1 Newton (N)=1kgms>=10dyn=10"gcms >

Pressure

1 Pascal (Pa)=1Nm *=10 "7 bar=10dyncm >
1.01325x10°Pa =l atm = 1.01325x 10 dyn cm % =760 torr
Energy

1 Joule (J) =1 kgm?s 2=10" erg=0.239 cal

1 Electronvolt (eV)=96.485kJmol ™!

Xiv



Table 3 Energy conversion factors. Numbers in parentheses denote powers of 10 by which the entry is to be multiplied.

erg J cal eV em™! H:z K kJ mol ™ keal mol ™’
lerg = 1 1.0000(-7) 2.390(-8) 6.241(+11) 5.034(+15) 1.5092(+26) 7.243(+15) 6.022(+13) 1.4393(+13)
1) = 1.0000(+7) 1 2.390(-1) 6.241(+18) 5.034(+22) 1.5092(+33) 7.243(+22) 6.022(+20) 1.4393(+20)
1cal = 4.1840(+7) 4.1840 1 2.611(+19) 2.106(+23) 6.315(+33) 3.031(+23) 2.520(+21) 6.022(+20)
leV = 1.6022(-12) 1.6022(-19)  3.829(-20) 1 8.0651+3) 2.418(+14) 1.1605(+4) 9.648(+1) 2.306(+1)
lem ! = 1.9865(-16) 1.9865(-23) 4.748(-24) 1.2399(-4) 1 2.998(+10)  1.4388 1.1963(-2)  2.859(-3)
1Hz = 6.626(-27)  6.626(—34) 1.5837(-34) 4.136(-15)  3.336(-11) 1 4.799(-11)  3.990(-13)  9.537(-14)
1K= 1.3807(-16) 1.38071(-23) 3.300(-24) 8.6171(-5) 6.950(-1) 2.084(+10) 1 8.314(-3) 1.9871(-3)
1kImol ' =  1.6606(-14) 1.6606(-21) 3.969(-22) 1.0364(-2) 8.359(+1) 2.506(+12) 1.2027(+2) 1 2.390(-1)
lkcal mol '= 6.948(-14)  6.948(-21) 1.6606(-21) 4.3371(-2)  3.498(+2) 1.0486(+13) 5.032(+2) 4.184 1

$A40]OD,] UOISA24UO0) PUD SJUD]SUO)) [I))IS{(L[J ]njavn

AX






CHAPTER 1

Introduction

1.1 What is VMP and How Does it Work?

Vibrationally mediated photodissociation (VMP) is a special case of photo-
dissociation where vibrational excitation of (in most cases) the ground electro-
nic state of a molecule precedes its electronic excitation to a higher, dissociative
electronic state."® In a sense, all photodissociation processes conducted in a
sample of molecules could be considered as VMP due to thermal vibrational
population, unless k7« lowest vibrational frequency of the molecules. How-
ever, although we will occasionally refer to examples of thermal vibrational
population, our main interest will be state-selected VMP, where a specific
rovibrational state is prepared. State-selected VMP utilizes, mostly, pulsed
lasers in a double-resonance scheme where both the vibrational pre-excitation
and the electronic excitation are resonant. As noted in the preface, we will deal
with “isolated” neutral molecules in the gas phase; VMP in complexes, clusters
or the condensed phase will not be discussed. VMP studies aim to unravel the
influence of the vibrational pre-excitation on the photodissociation cross sec-
tion, the quantum states of the photofragments and the branching ratio
between them as well as their angular distribution. This influence is discussed in
detail in the following chapters. Here, we introduce the concept of VMP via
simple examples. The methodology of state-selected VMP is exemplified in
Figure 1.1 for a bound—free transition (excitation to a purely repulsive elec-
tronic state) in a molecule that contains at least one hydrogen atom, RH, where
R represents one or more atoms. RH is chosen as an example since this class of
molecules has been the most popular VMP species due to the R—H vibrational
modes that are readily excited (at higher frequencies than other modes). Fur-
ther details on the experimental techniques utilized in the three steps described
in the figure, vibrational pre-excitation, excitation to a dissociative electronic
state and detection of the ensuing photofragments, as well as on other tech-
niques, are given in Chapter 3.
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Figure 1.1
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Chapter 1

VMP H*/X*

RH*

(2 + 1) REMP

H/X

An artist’s concept of the methodology of state-selected VMP in an RH
molecule. It consists of three steps: (1) An R-H vibrational mode is
initially excited to a specific (v, J') state; an infrared (IR) photon or sti-
mulated Raman excitation (SRE) is utilized for preparing fundamental
vibrations or low overtones, near-IR (NIR) or visible (VIS) photon for
exciting high overtones. (2) An ultraviolet, UV, (or sometimes VIS)
photon is utilized for electronic excitation and UV photons for (3) mon-
itoring the ensuing photofragments (H or X, which is, in many VMP
studies, a halogen atom). In the present example resonantly enhanced
multiphoton ionization (REMPI) is shown as the means for monitoring
an atomic photofragment; the solid line denotes the resonant state reached
by two-photon excitation and the dashed line an intermediate, virtual
state. Molecular fragments are commonly monitored via laser-induced
fluorescence (LIF).

A schematic description of the potential-energy curves and absorption spectra
in “non-VMP” and VMP is depicted in Figures 1.2 (a) and (b), respectively, for a
bound—free transition in a diatomic molecule — photodissociation from the
vibrationless ground state (a) and from a vibrationally excited state (b) are

compared.

The former is characterized by a broad structureless absorption

spectrum of the parent molecule, due to the reflection of the vibrationless ground-
state wavefunction on the upper potential-energy curve. The latter is character-
ized by a spectrum that reflects extended regions on the ground-state potential
onto the dissociative upper state.” Figure 1.2 indicates that when the dissociation
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Figure 1.2 Schematic illustration of photodissociation of a diatomic molecule AB via
excitation to a purely repulsive electronic state. Vy, and V; are the
potential-energy curves for the ground (bound) and excited (repulsive)
electronic states, respectively, as a function of the internuclear distance
Rag, Eiand Ey= E;+ Ephoron(= hv) are the initial and final energies of these
states. (a) Absorption from the vibrationless ground state y, to y(Ey), the
continuum wavefunction. (b) Absorption from the v=1 vibrationally
excited state of the ground electronic state, y;: transitions from the mid-
point and from locations close to the turning points of the classical
vibration are shown (the shapes of the different y(E) functions are omitted
here). Promotion of extended regions on the ground electronic state onto
the dissociative potential-energy curve is reflected in the absorption
spectrum in both (a) and (b). Adapted from Ref. 4 with permission.

is promoted from a vibrationally excited state, different regions of the repulsive
excited state are accessed compared to those from the vibrationless ground state.
It is very important to note here that the transitions shown in Figures 1.1 and
1.2 are vertical, namely, the coordinates of the nuclei in the molecule remain
unchanged during the electronic transition. This is not fortuitous, it exemplifies
the Franck—Condon (FC) principle that plays a major role in VMP and is dis-
cussed and referred to throughout the monograph. Indeed, as we will see, VMP
is effective when there is a favorable FC overlap between the vibrationally
excited states of the ground electronic state and those of the electronically
excited dissociative or predissociative states. If, in addition, the initially prepared
vibrational states survive intramolecular vibrational redistribution (IVR) until
the subsequent electronic excitation takes place, dissociation of the electronically
excited molecule could be controlled by preparing specific vibrational states.
The direct, bound—free photodissociation of a diatomic molecule presented
in Figure 1.2(b) is the simplest example of VMP. However, the major part of
the monograph deals with larger molecules and, in many cases, with indirect
photodissociation, where a potential barrier in the dissociation exit channel
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precludes direct dissociation. In molecules larger than diatomic, multi-
dimensional potential-energy surfaces (PES) determine the motion of the
atoms. The potential-energy curves of a diatomic molecule (Figure 1.2) also
represent one-dimensional cuts through a multidimensional PES and often
serve as a simple description of VMP in larger molecules.

In most cases VMP has been carried out in the first absorption band of the
molecule at hand. This is since in the studied molecules absorption from
vibrationally excited states of this band is usually in the mid- and near-ultraviolet
(UV) or visible (VIS) wavelength regions readily accessed by existing high-power
lasers. A ~ 193 nm was popular in the early days of VMP due to the availability
of the ArF excimer laser; longer wavelengths have been mostly applied in later
studies. Also, almost all state-selected VMP studies have been performed with
pulsed lasers with a temporal pulsewidth of at least a few nanoseconds (ns). This
was partly due to the fact that these lasers provided the required energy for VMP
— typically millijoules and microjoules for vibrational and electronic excitation,
respectively; ns pulses also enabled selective rovibrational excitation with higher
resolution than that possible with shorter pulses.

Numerous methods have been devised for studying a variety of VMP aspects
and they are described when individual molecules are discussed in the following
chapters. To conclude this introduction on how VMP works, we mention
two noteworthy points: (1) VMP is often compared to isoenergetic one-
photon excitation from the vibrationless ground electronic state. For this
comparison the wavelength for electronic excitation in the former has to be
redshifted with respect to that in the latter (see Figure 1.2). (2) Many recent
VMP studies have been conducted in samples cooled via supersonic expansion.
This results in reducing the Doppler linewidths of the monitored transitions
and the rotational temperature as well as the population of low-lying vibra-
tional states (and thus minimizes the contribution of hot bands to the spec-
trum). All this leads to less congestion and extra narrowing and simplification
of the spectrum.

1.2 Why VMP?

VMP has been of both theoretical and applied interest. From a theoretical
perspective, exploring how vibrational pre-excitation affects the course of
photodissociation and correlating the findings with the topology of PES have
long been important parts of molecular processes studies.>>° As we will see in
many examples, one-photon dissociation and VMP, conducted at the same
total energy, often result in different quantum states and branching ratios of the
photofragments. This means that vibrational pre-excitation may have a
dynamic role rather than an energetic role. The role of the FC factors in the
efficacy of the electronic excitation step and of the exit-channel interactions in
the dissociation process have been extensively studied and referred to in the
examples presented in the monograph. The most prominent conclusion inferred
from these studies is that due to the FC principle, starting the electronic
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excitation from a specific vibrationally excited state rather than another,
enables access to a different region of the upper PES and may affect the
dissociation.

The theoretical investigations have been accompanied by experimental stu-
dies aimed at applications of VMP for several purposes. Most notable is the
application of VMP to the so-called ‘“mode-selective” or ‘““bond-selective”
dissociation, namely, to control the dissociation products (the terms mode-
selective and bond-selective are usually used as synonyms although, strictly
speaking, the former should refer to selective pre-excitation of a vibrational
mode and the latter to the resulting selective bond cleavage). This aspect of
VMP will be extensively presented in many examples.

A related but somewhat different application of VMP is for isotope
separation. Isotope separation that is based on the different frequencies of
electronic excitation of different isotopes of atoms or molecules depends on the
small difference in the electron reduced mass when the atoms are light and on
nuclear volume effects (e.g., core polarization) when the atoms are heavy.’
However, this isotopic shift is much smaller than the shift in the vibrational
frequencies in molecules due to the large difference in the reduced mass of the
vibrating oscillator.® It is thus easier to selectively excite a specific rovibration
of a specific molecular isotope (so-called isotopologue) and then photo-
dissociate it rather than other isotopologues by using appropriate redshifted
wavelengths. Moreover, by preparing different vibrational states in a molecule
that contains different atomic isotopes, different isotopic photoproducts can
be preferentially produced from the same molecule (this is a special case of the
above-mentioned control of dissociation products). The pre-eminent example
of preferential production of different isotopes from the same molecule is the
VMP of HOD (see Section 6.4).

An additional application of VMP is in vibrational spectroscopy. Monitoring
high-overtone and combination transitions encounters the problem that their
intensities are exponentially decreasing functions of the total change of vibra-
tional quantum number, Av. A crude rule of thumb is that the magnitude of this
decrease is ~ 102" for hydride stretches.” Also, when spectroscopy studies are
conducted in molecular beams, the low density of the target molecules adds to
the difficulty of measurement.

These difficulties can be largely alleviated by applying VMP for the following
reasons. (1) The action spectrum, i.e. the photoproduct yield as a function of
the wavelength of the vibrational pre-excitation, is monitored rather than
directly measuring the intensity of vibrational bands. The appearance of the
bands in the action spectrum is often enhanced due to a better FC overlap of
the initially prepared vibrational state in the ground electronic state with that in
the excited state. (2) Even if the FC overlap is not favorable, the detection of the
photoproduct by resonantly enhanced multiphoton ionization (REMPI) adds
several orders of magnitude to the signal as compared to direct detection of
vibrational bands, since ions can be monitored with very high sensitivity. Signal
enhancement is also achieved, although to a lesser extent, for detection by laser-
induced fluorescence (LIF).
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The role of VMP in other molecular spectroscopy and molecular dynamics
scenarios will be recognized from the examples given in the text. A notable
example, with important implications to atmospheric chemistry, is production
of the atmospherically important species O('D) from vibrationally excited
ozone in the longer-wavelength “tail” (4 > 310nm) of its solar photolysis.
Indeed, VMP may play a role in any environment where molecules are elec-
tronically excited.

1.3 Organization of the Monograph

The methodology is that VMP is presented in this monograph via specific
examples, starting with diatomic molecules (Chapter 4), continuing with tri-
and tetratomic molecules (Chapters 5-7) and ending with larger molecules
(Chapter 8). Original studies are quoted, wherever appropriate, and many
original drawings are adapted. Due to the limited length of the monograph, a
choice has to be made. Some examples, which were considered heuristic, are
presented in detail, others are only briefly described or just cited. Once again,
we apologize for any possible oversight. To become acquainted with the
technical language used in these examples, two short overviews precede
Chapters 4-8, one on theoretical aspects and one on experimental methods.

Chapter 2 lists the key questions that have to be addressed for understanding
VMP, which include, but go beyond, those addressed in photodissociation in
general. It then explains the main approaches for calculating PESs and in this
context presents the Born—-Oppenheimer approximation, which is also the basis
for the FC principle. Approaches for computing photodissociation cross sec-
tions are then presented, namely, classical trajectories, and quantum-mechan-
ical time-independent and time-dependent approaches; this is followed by an
explanation of the concept of conical intersections, which is utilized to account
for radiationless transitions between nonadiabatic PESs. The next part of this
chapter briefly discusses vector correlations in VMP, i.e. the relation between
the directions of the vectors inherent in the initiation and dynamics of the
photodissociation process, when the photons applied for both vibrational pre-
excitation and electronic excitation are polarized. In the final part of the
chapter intramolecular vibrational dynamics, in particular IVR, is discussed.

In Chapter 3 we present the major experimental methods for VMP studies.
The experimental realization of VMP involves three major steps: Preparation of
a vibrational state, promotion of this state to a higher PES(s) followed by
dissociation of the molecule, and finally interrogation of the ensuing photo-
fragments. The main experimental approaches usually utilized for each step are
presented. It is noteworthy that for vibrational preparation we present methods
that have been widely used as well as some that have been hardly (or not yet)
applied in VMP but have a potential for exciting vibrational levels that are
otherwise difficult to reach.

In Chapter 4 VMP of diatomic molecules is discussed, only briefly, since
mode- or bond-selective dissociation, which has been the main reason for the



Introduction 7

recent interest in VMP, is not relevant for these molecules. However, the pre-
sentation of VMP studies of diatomic molecules serves to demonstrate, for the
simplest cases, the effect of rovibrational parent excitation on the photo-
dissociation dynamics, e.g., enhancement of the dissociation cross section,
polarization dependence of product angular distribution, and branching ratios
between electronic states of the products.

Chapters 5 and 6 discuss the VMP of triatomic molecules, the simplest
polyatomics where mode- or bond-selective dissociation can be demonstrated.
Also, triatomics are small enough to allow ab initio calculations of PESs and
photodynamics, although they possess several vibrational degrees of freedom,
like stretches and bends, which play a principal role also in larger molecules.
VMP of several triatomic molecules, excluding water, is described in Chapter 5.
Chapter 6 presents, in some detail, the VMP studies of water isotopologues. It
was the extensive theoretical and experimental investigations of H;O and HOD
that opened a new era of detailed studies of state-to-state photodissociation out
of specific rovibrationally excited states of polyatomic molecules.

In Chapter 7 we move on to tetratomic molecules and dwell, in particular, on
acetylene isotopologues, ammonia isotoplogues and isocyanic acid, for which
extensive state-to-state VMP studies have been carried out. The VMP theories
and experiments for tetratomic molecules are obviously more complex than
those for triatomics. The additional atom adds additional degrees of freedom
that complicate both theory and experiment. Moreover, due to the additional
degrees of freedom, IVR is expected to obscure mode selectivity. Also, in
contrast to the triatomic molecules, in particular the water molecule where
detailed calculations predicted selectivity, similar predictions were not available
prior to VMP experiments. Nevertheless, mode selectivity has been observed in
several tetratomic molecules.

In Chapter 8 we deal with VMP of even larger molecules, where a much
higher complexity is expected. Moreover, it is anticipated that IVR in these
molecules would preclude mode- or bond-selective dissociation on the ns
timescale. Indeed, at present mode-dependent enhancement in photodissocia-
tion has been observed for only one “larger than tetratomic” molecule,
methylamine. We start this chapter with a presentation of the VMP of
methylamine isotopologues and then move on to haloalkanes, where, in some
instances, vibrational pre-excitation changes the electronically excited states
accessed in photodissociation and the branching ratio between the atomic
photofragments. We then deal with phenol, where the dynamics of conical
intersections in this large molecule is exemplified, and finally report on VMP of
other “larger than tetratomic molecules.
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CHAPTER 2

Theoretical Aspects

Theoretical studies of photodissociation dynamics have been the subject of
numerous publications, especially since the 1960s. We list below a few refer-
ences' * (review articles, books or chapters in books) where fundamental the-
ories of photodissociation dynamics are presented and previous studies in
this field are cited. Since VMP is a special case of photodissociation in gen-
eral, the above studies are the basis for its understanding. In the following
sections we briefly describe some aspects of these studies, in particular those
relevant to VMP, in order to get acquainted with the technical language used
in the monograph.

2.1 Photodissociation Dynamics

The theoretical treatment described below assumes an electric dipole moment
induced, weak-field photodissociation with long duration (not less than a few
ns) of an exciting light pulse. The dimensions of the photodissociated molecule
are (obviously) small compared to the wavelengths of the applied radiation.
Under these assumptions, first-order perturbation theory is applicable.”® It is
also noteworthy that in most VMP studies a ns timescale is utilized for the
initial preparation of vibrational states, the subsequent photodissociation and
the delay between the two steps, and the working pressure is low (usually much
below 1 Torr). Therefore, the radiative and collisional relaxation of the
vibrationally excited molecules can be neglected.

As mentioned above, the main interest in VMP has been in triatomic or
larger molecules. A polyatomic molecule is denoted here as ABC, where A, B or
C represent one or more atoms. However, since photodissociation theories have
dealt more frequently with and are more developed for triatomic molecules
than for larger ones, we will refer hereafter to A, B and C as atoms unless
otherwise stated.
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If energetically allowed, i.e. if the energy of the initially excited rovibrational
state plus the subsequent electronic excitation energy sv exceeds the dissocia-
tion energy of the ruptured bond, the VMP of ABC can be presented as

ABC' + hv — ABC* — A 4 BC (2.1)
— B+AC (2.2)
— C+AB (2.3)
—A+B+C (2.4)

where " and * denote rovibrationally and electronically excited states, respec-
tively. The fragments may be internally (electronically, vibrationally and
rotationally) excited, as well as translationally hot. Key questions that have to
be addressed for understanding VMP are:

1. What is the IVR lifetime of ABC™

2. What is the cross section for the ABC" + hv— ABC* process?

3. What is the lifetime of ABC* and how does this lifetime depend on the
nature of the PES and on the excitation energy? We note that the lifetime
is also a function of the exciting pulse profile.”

4. What affects the branching ratio between the energetically accessible
channels? If more than one bond breaks, does this occur in a concerted or
a sequential process?

5. At a given excitation energy, is the dissociation governed by one electronic
state or does the fragmentation take place on several PESs?

6. How 1is the total available energy distributed among the internal and
translational degrees of freedom of the fragments?

7. What is the angular distribution of the fragments?

The answers to most of these questions are principally determined by the
shape of the PES of the ground and electronically excited state, and we
therefore turn, first, to discuss their features.

2.1.1 Potential-Energy Surfaces, the Born—Oppenheimer
Approximation and the Franck—Condon Principle

The common notion of a potential-energy surface, PES,>"*!%12 that deter-
mines the motion of the nuclei, depends on the validity of the Born—Oppen-
heimer (BO) approximation, where the nuclear and electronic motions are
separated. The approximation is justified as long as the motions of the (heavy)
nuclei take place on much longer timescales than those of the (light) electrons.
It is noteworthy here that the same argument is also at the heart of the Franck—
Condon (FC) principle. Namely, during an electronic transition between two
states, the coordinates and the corresponding momenta of the nuclei in the
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molecule remain unchanged; the transition is “vertical”” to the so-called FC
point. As we will see below, the assumption of vertical transitions is the starting
point in the calculations of photodissociation cross sections.

To implement the BO approximation, we present the molecular Hamiltonian
as

H61(q,Q) = Thue(Q) + Hui(q, Q) (2.5)

where T,..(Q) is the nuclear kinetic energy operator, H.(q,Q) the electronic
Hamiltonian (comprising the electronic kinetic energy and all the Coulombic
interactions), q are the coordinates of the electrons and Q those of the nuclei.
The electronic (time-independent) Schrodinger equation is solved with the
nuclei held fixed (at a geometry denoted by Q), i.e. T, is ignored in the
Hamiltonian in formulating this equation:

[Ha(q.Q) — E(Q)¥(q,Q) =0 (2.6)

The so-called adiabatic (namely, where no change in quantum numbers takes
place) PESs, E(Q), and the adiabatic electronic states /,(q,Q) are the eigen-
values and ecigenfunctions of the electronic Hamiltonian H.(q,Q). These
eigenvalues and eigenfunctions, as well as the Hamiltonian, depend para-
metrically on Q.

The total, time-independent molecular wavefunction in the adiabatic repre-
sentation is expanded as

where y,(Q) are the nuclear wavefunctions. They can be found by utilizing the
approximation that the electronic wavefunction varies negligibly with the
nuclear coordinates. The nuclear Schrédinger equation for the nuclear motion
within the kth electronic state, where the electronic potential energies are the
E(Q) eigenvalue of (2.6), is then:

[Tnuc(Q) + Ek(Q) - E]/Ck(Q) =0 (2'8)

We note that in eqn (2.8) there is no coupling of the kth electronic state to
other states, meaning that the motion of the nuclei in this state is not affected by
nuclear motions in other states, which is the gist of the BO approximation. The
Hamiltonian in eqn (2.8) is diagonalized in this approximation'® and the time-
independent molecular wavefunction for the kth electronic state is thus pre-
sented as

¥i(q, Q) = 1 (Q)¥«(q,Q) (2.9)

When the nuclei are allowed to move, e.g., near avoided crossings or
conical intersections (see below) where large coupling between the PESs exists,
the BO approximation is not valid. A diabatic representation, where the
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nuclear kinetic energy rather than the electronic Hamiltonian is diagonalized,'?
is then more appropriate. We note that in many VMP studies, adiabatic
PESs, where conical intersections describe nonadiabatic transitions between
them (see below), are the preferred choice of representation. For further
discussion of the validity of the BO separation and of adiabatic vs. diabatic
representation of PES see, e.g., Refs 7,12 and (in particular) 13.

It is noteworthy that ab initio calculations of PES (i.e. solving the electronic
Schrodinger equation) might be very difficult for large systems. Therefore,
several methods have been developed to overcome this difficulty. For example,
semiempirical methods, where, e.g., interpolations between known “valleys” of
the parent molecule and the fragments have been utilized. To facilitate
dynamics calculations, PESs obtained applying semiempirical as well as the
above-mentioned ab initio calculations have often been fitted to analytical
functions. Modern methods for constructing PES include: (1) An ab initio
multiple spawning method that solves the electronic and nuclear Schrédinger
equations simultaneously; this makes ab initio multiple dynamics approaches
applicable for problems where quantum-mechanical effects of both electrons
and nuclei are important.'* (2) Construction of approximate ab initio PES of
the parent molecule by interpolating the corresponding ab initio surfaces of
small molecular fragments.'>!°

The shape of the excited PES determines whether the photodissociation is
direct, namely, when the PES is purely repulsive, or indirect, e.g., when there is
a potential barrier in the exit channel. An example of the former is the pho-
todissociation of H,O in the first absorption band (see Chapter 6) and of the
latter is that of FNO (Section 2.1.2.3).

For an ABC molecule, the (adiabatic) PES represents the interaction
energies in a given electronic state as a function of the configuration of (the
nuclei of) the A, B and C atoms, e.g., of the three interatomic distances
(for an N-atomic molecule the PES is a function of the 3N-6 internal degrees
of freedom), or alternatively of two distances and the angle between them or
of one distance and two angles. If A, B or C are molecules, additional
parameters have to be included. Since multidimensional PESs are difficult to
visualize, the PESs of polyatomic molecules are graphically presented as one-
dimensional or two-dimensional cuts through a multidimensional PES. In the
one-dimensional presentation the interaction is given either as a function of
the distance between two of the atoms (which is in fact the potential-energy
curve for a diatomic molecule), or between one atom and the center of mass
of the others, where the other distances are frozen. Alternatively, it is given as
a function of the angle between the distances or the torsion angle of one of
the bonds. In the two-dimensional presentation the interaction is given either
as a function of two distances (sometimes as a contour map) or of a distance
and an angle.

An example of PES of an electronically excited state is presented in Figure 2.1
where a two-dimensional cut through the six-dimensional PES of HNCO(A '4")
is depicted as a function of the two bond distances Ryn and Ryc. The two exit
channels presented in the figure correspond to the two chemically different
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H

Figure 2.1 Two-dimensional representation of the potential-energy surface for the A
' 4" — state of HNCO as a function of the NC and the HN bond distances
Rnc and Ry, respectively. The other coordinates are frozen. Reproduced
from Ref. 8 with permission.

products H+ NCO and NH + CO that can be formed (as shown in Section 7.3,
the photodissociation of HNCO leads to three distinct channels, since NH can
be formed in both triplet, NH(X?Z "), and singlet, NH(a 'A), states). Although
the other four degrees of freedom, Rco, o; f and ¢, are fixed in this picture, the
potential is not independent of them and a complete dynamics calculation
should include all of them.

2.1.2 Photodissociation Cross Sections: Computational
Approaches

In this section we provide a brief overview of the main computational
approaches for photodissociation cross sections. A general approach unifying
the different quantum-mechanical methods is presented in Refs 4 and 9.
However, we follow hereafter, Sections 2.1.2.1-4, the presentation of Refs 7
and 8, which are the closest ones to that utilized in many papers reporting on
VMP experiments. We start by outlining the classical trajectory approach and
then describe the time-independent and time-dependent quantum-mechanical
approaches. It is important to note that although, as shown below, the last two
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approaches provide different views and computational methods, they are
completely equivalent and yield the same cross sections*’*%!” We elaborate on
this point in Section 2.1.2.4.

2.1.2.1 Classical Trajectories

As mentioned above, if the nuclei move much slower than the electrons the FC
principle holds and the electronic transition from the initial to the final excited
state is assumed to be instantancous. Thus, the internal (nuclear) coordinates
and the corresponding momenta of the molecule in its initial state remain
unchanged during the excitation. In the classical approach to photodissocia-
tion, the movements of the nuclei, after promotion to the PES of the excited
state, are governed by the Hamilton equations of motion'®

do. oH dP,  oH
ds _6P,»’ dr an

(2.10)

where H(Q,P) is the Hamilton function, the classical analogue of the quantum-
mechanical operator H in the excited state, Q(¢) represents the nuclear coor-
dinates and P(7) the corresponding momenta. The equations of motion are
solved with the initial values Q(0) and P(0), weighted to the distributions in the
initial state and the calculation of the photodissociation cross section is aver-
aged over the (Q,P) phase space. This approach can be picturesquely described
as placing “‘billiard balls” on the excited PESs, near the FC point (vertically
above the initial point in the lower PES) and following their trajectories
towards different exit channels.

The classical approach is useful, in particular, for large systems where
quantum-mechanical calculations are difficult. However, semiclassical methods
that incorporate quantum mechanics are utilized if quantum-mechanical effects
like interferences have to be accounted for.

2.1.2.2 Time-Independent Approach

Under the assumptions listed at the beginning of Section 2.1, we can represent the
photodissociation cross sections by simple expressions. To further simplify the
presentation we denote the above time-independent wavefunctions of eqn (2.9),
where we add the index i for the initial state and f for the final state with energy
Ei + Ephotom as follows: Xk,i(Q) =n, ka(Q) = n/a lplxl(qu) =e and l//kf(q’Q) =
e'. For Eppoton = hv, the partial photodissociation cross section for producing the
fragments in a particular state o is given by Fermi’s Golden Rule'®

o (v, ) ~[(n(@)'|(€/|ucle) ) (2.11)

where . is the component of transition electronic dipole moment operator in the
direction of the polarization of the excitation electric field vector. We note that
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for continuum wavefunctions in the final state, the coordinates accounting for
the separation of the photofragments extend to infinity. From the BO approx-
imation eqn (2.11) can be presented as

o (v, o) ~ | (n(@)'|n) (€' |uele) (2.12)

The total photodissociation cross section, i.e. the absorption cross section, is
obtained by summing the partial cross sections over all o quantum numbers

o)=Y o(v.) (2.13)

To obtain the VMP signal we need to know, in addition, the expression for
the cross section for vibrational pre-excitation of the initial electronic state,
which is given by

o (v) ~ (nli|g) I (2.14)

where |g)is the ground vibrational state of the initial electronic state and p, is
the analogue of p, for the vibrational transition. The VMP signal can thus be
presented by

S(wuo, )~ [(n(@)' | m) 1€ |uele) Pl |g) P (2.15)

In simple words, eqn (2.15) means that the VMP signal depends on the
FC overlap between the nuclear wavefunctions in the final and initial elec-
tronic states, |(n(a)’ \n)\z, on the electronic transition dipole moment and on
the vibrational excitation probability in the initial electronic state. The VMP
signal presented in eqn (2.15) is the quantity usually measured in VMP
experiments.

It is important to note that in the above simplified presentation we ignored
the rotational component of the nuclear wavefunction. The effect of rotational
FC factors is discussed in Refs. 7 and 19. We also note that FC models are not
always sufficient to account for the observed VMP spectra and exit-channel
interactions play a significant role in the photodissociation dynamics of
some molecules, notably H,O. The role of rotational FC factors and of exit-
channel interactions is discussed in the chapters presenting VMP of specific
molecules.

2.1.2.3 Time-Dependent Approach

As in the time-independent approach, we assume here the conditions listed at
the beginning of Section 2.1, namely, weak-field photodissociation with long
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duration of an excited light pulse and small dimensions of the photodissociated
molecule. The time-dependent approach relies on solving the nuclear time-
dependent Schrédinger equation

[ih%—Hf:| @f(Q, 1)=0 (2.16)

where the index f denotes the final, excited state and @, the time-dependent
wavepacket evolving [@¢0) - @«(r)] on the excited PES. The time-dependent
approach resembles the classical trajectories approach in being an initial value
problem. Also, as in that approach, the electronic transition from the initial to
the final excited state is assumed to be fast, the nuclear coordinates in the initial
state remaining unchanged.

®{(0) is obtained from the relation

P;(0) = Myy; (Ei) (2.17)

where Mg=(e’|u|e) and y;(E;) is the initial (ground) bound-state wavefunction
with energy E;. We note that for finite time length pulses (certainly for ns or
longer pulses), @40) is made up of a sequence of replicas of y;(E;) (multiplied by
My) launched by ultrashort pulses on the excited PES at different times and
multiplied by the pulse amplitude at these times. However, this does not affect
the conclusions reached using the calculation procedure presented here.'’
Since @¢(0) is not an eigenstate of Hp, it becomes a time-evolving wavepacket
on the excited PES. Its propagation on this PES is obtained by solving eqn (2.16):

|®p(2)) = e 17| b (0)) (2.18)
71’Hf[/h

where ¢ is the time-evolution operator. The overlap of the evolving
wavepacket at time ¢ with that at r=0 is the autocorrelation function

S(1) = (@:(0)|®x (1)) (2.19)

The total absorption cross section is then’

+ o0
~ / e EhS (1) (2.20)
— 00

The energy-dependent cross section is thus the Fourier transform of the time-
dependent autocorrelation function. The partial photodissociation cross sec-
tions are obtained by projecting the wavepacket @) for 1 - oo on the sta-
tionary wavefunctions of the asymptotic Hamiltonian (where for t — oo the
interaction potential between the departing species vanishes).’

An illuminating illustration of the motion of a wavepacket is presented in
Figure 2.2, which shows, in a two-dimensional coordinate space, snapshots of
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Figure 2.2 Snapshots of the evolving wavepacket in the S| excited electronic state of
FNO. &« R,r1) is plotted for various times in fs: (a) 0; (b) 7.26; (c) 14.52;
(d) 21.78; (e) 29.04; and (f) 36.30. R and r are “Jacobi coordinates™: R is
the distance from the recoiling F atoms to the center of mass of NO and r
the N-O separation (given in atomic units). Reprinted with permission
from Ref. 20. Copyright 1992, American Institute of Physics.

the evolving wavepacket for the photodissociation of FNO in the S, state.”” The
initial wavepacket is prepared at the FC point, ie. at the equili-
brium coordinates of the ground electronic state. For 1< 10 femtosecond (fs),
Figure 2.2(b), the wavepacket follows the steepest descent and slides down the
slope towards the tiny potential barrier, just like a classical “billiard ball”.
At ~ 14fs, near the barrier, Figure 2.2(c), it starts to split into two parts; then
one portion enters the exit channel and slides down the steep potential trough
leading to fragments F and NO in a time much shorter than an internal vibra-
tional period, Figures 2.2(d) and (e). The other part is trapped in the inner region
of the potential ridge, performs one full oscillation, and returns to its starting
position, Figure 2.2(f). Here, a new round begins, another portion of the
wavepacket leads to dissociation, whereas the remaining wavepacket performs a
second oscillation. This continues until the entire wavepacket has finally escaped
from the inner region and travels freely in the F + NO exit channel. This trapping
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and oscillatory behavior of the wavepacket is a typical example of indirect
photodissociation. Without a barrier, i.e., for a purely repulsive PES, the pho-
todissociation would be direct with the entire wavepacket rapidly moving to the
exit channel, without coming back to its starting position.

2.1.2.4 Comparison of the Time-Independent and
Time-Dependent Approaches

As mentioned above, the two approaches are completely equivalent and yield
the same cross sections. The equivalence is inherent in the presentation of
photodissociation in Refs. 4,9 and 17, and explained in detail in Ref. 7, which is
followed here. The equivalence is demonstrated by considering the stationary
and time-dependent wavefunctions presented above. The total dissociation
wavefunction y(Ep) is defined as the sum over all « states of the partial dis-
sociation amplitude (at the final energy Ef) multiplied by the final dissociation
function y Er,o):

Z} (¢'mele) )| (Er, ) (2.21)

As shown in Ref. 7, @) can be expanded as a coherent superposition of the
1i(Er,) stationary states, each being multiplied by the time-evolution function
e~Hrt/h Tt then follows that

+
1 (Er) = / e B @ (1)dr (2.22)

namely, y(Efr), which comprises all dissociation processes for the energy Ep, is
the Fourier transform of the time-dependent wavepacket @(f), which consists
of all stationary states for all energies.

Throughout the monograph examples of the utilization of the two approa-
ches are presented, the choice between the two being dependent on the parti-
cular system. One advantage of the time-independent approach is that it
directly computes the overlap elements in eqn. (2.15), enabling a clear picture of
VMP processes to be obtained. An advantage of the time-dependent approach
is that information for all energies can be extracted from a single wavepacket.

2.1.3 Radiationless Transitions between PESs, the Role of
Conical Intersections

In the previous sections we described processes where excitation to a PES is
followed by dissociation on this excited surface. If the surface is not purely
repulsive and there is a potential barrier on the way to dissociation, tunneling
through the barrier may occur. Another possibility is that a nonadiabatic
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Figure 2.3 An example of adiabatic Sy and S| surfaces in the vicinity of a conical
intersection (CI) of a molecule containing a C=C bond. r is the bond
distance and 0 the torsion angle around the bond. The CI point in this
example is at ’c;=1.59 A, 8 = 90° and is marked by an arrow. Reproduced
from Ref. 22 by permission of the Royal Society of Chemistry.

radiationless transition from the initially excited PES to another PES, with
subsequent dissociation, takes place (a radiationless transition may also follow
tunneling between two valleys on the excited state). Such a transition is clas-
sified as internal conversion when no change in total spin is involved and as an
intersystem crossing when a change in total spin occurs. These transitions are
usually strongest when induced by conical intersections (CI).>' **

A CI of two PESs (Figure 2.3) is the set of molecular geometry points where
the two intersect (i.e. are degenerate). The efficacy of Cls between PES 1 and 2
is governed by the derivative couplings, projected gradients of the involved
electronic wavefunctions, ; and ,. The couplings between the adiabatic
electronic states are given by (¥, |aiQ,-‘//2> and higher derivatives with respect to

the nuclear coordinates Q;. It is the finite range of these couplings that extends
the “effective size” of the CIs to a non-negligible volume and is thus responsible
for nonadiabatic events.

Additional features of Cls are worth noting. At a CI adiabaticity breaks
down — nuclei would have to change directions “instantaneously” and electrons
cannot keep up. A CI requires that the adiabatic electronic wavefunction
changes sign when transported along a closed loop in nuclear coordinate space
surrounding the region of the intersection. The change in sign in the electronic
wavefunction requires a compensating change in the sign of the nuclear
wavefunction, known as the geometric phase (sometimes referred to as the
Berry phase) effect (the change of sign means that the phase changes by = which
is the common case when the loop encloses one CI; the general rule is that a CI
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requires a change of nn, where n=1, 2, 3, . . . ). It is also noteworthy that the
radiationless transitions mentioned above can proceed without Cls; this
occurrence depends on the size of nonadiabatic coupling, on the nuclear
dynamics and on the occurrence of the geometric phase effect.

By their particular topology, Cls act as “‘photochemical funnels” that
effectively and selectively induce transitions between electronic states. They
are a consequence of the BO separation of nuclear and electronic motion
and represent an essential aspect of electronically nonadiabatic processes.
Figure 2.3 is a schematic presentation of an example of a CI between two
singlet adiabatic PESs, the ground S, and the excited S, for a molecule that
contains a C=C bond.”? The PESs are depicted as a function of the C=C
distance r and the torsion angle 6 around the C=C bond, the other bonds and
angles being frozen.

2.1.4 Vector Correlations in VMP

Vector correlations® refer to the relation between the directions of the vectors
inherent in the initiation and dynamics of the photodissociation process: The
polarization of the electric vector E of the light beam (or beams in VMP) acting
on the parent molecule, the parent transition dipole moment u, the relative
velocities of the recoiling fragments, v, and the rotational angular momentum
of the molecular photofragment(s) and the orbital angular momentum polar-
ization of the atomic photofragment(s), both denoted by J. The correlations
involving E or u (preferentially directed parallel to E), relate to the laboratory
frame, whereas the v—J correlation relates only to the body frame and thus most
directly reflects exit-channel interactions.

A frequently asked question is where do the velocities of the recoiling frag-
ments point with respect to the direction of the linear polarization of the light
beam employed for the dissociation. Indeed, the p—v correlation, the angular
scattering distribution of the recoiling photofragments, /(6), is encountered in
many photodissociation studies, including VMP. For a one-photon photo-
dissociation event using linearly polarized light this is given by”>°

[

1) 4n

[1 4 - Py(cosb)] (2.23)

where 0 is the angle between v and E, ¢ the partial cross section for the dis-
sociation product, P,(x) the second-order Legendre polynomial (P,(x)=
(3x°—1)/2) and p is the anisotropy parameter. The magnitude and sign of 8 are
related to the orientation of the transition dipole moment, u, in the parent
molecule, the symmetry of the excited state and the excited-state lifetime.
Within the axial recoil approximation, = —1 corresponds to a perpendicular
transition, whereas = +2 corresponds to a parallel transition. Another cor-
relation reported in some VMP studies is p—J, the rotational alignment.
The limiting values of the alignment, denoted by A, at the high-J limit
are’’?® 0.8 for u || J and —0.4 for p L J. The v—J (for both rotational and
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orbital angular momenta) and u—v—J correlations are also encountered in VMP
studies. As we will see later in some specific examples of VMP, common
methods utilized to unravel various correlations are probing the LIF spectra
and the Doppler profiles of the fragments produced in the photodissociation.

Like one-photon dissociation (assumed in the above description), which
depends on the polarization of the photon, VMP is an anisotropic process.
Moreover, it may depend on the polarization of both the photons applied for
vibrational pre-excitation and for electronic excitation. The theory of vector
correlations in VMP has been treated by employing classical trajectories,”
semiclassical’® and quantum-mechanical approaches.>'* In the classical
approach,” the vibrational influence on the anisotropy parameter f§ in photo-
dissociation of triatomic molecules is explored. The calculations indicate that in a
fast dissociation, accompanied by a large angular momentum excitation of the
diatomic fragment, the recoil direction can change significantly, resulting in a
measurable modification of .2 Employing the semiclassical approach, a general
expression for the Doppler profile for fragments produced in the photo-
dissociation of laser excited, aligned molecules, as in VMP, is derived.*® The
scope of the quantum-mechanical analysis of vector correlations in VMP is
different in Refs. 31 and 32. In the former the interest is in controlling the atomic
polarization in the dissociation of diatomic molecules. In the latter, Doppler-
shift-dependent fluxes for various arrangements of the polarization directions of
the vibrational excitation and photolysis lasers are computed. It is found that the
profiles depend upon the photodissociation dynamics only through the conven-
tional recoil anisotropy parameter f3, as in one-photon dissociation. The main
conclusion of the analysis of this work™ is that, generally, the dynamical infor-
mation obtainable from measurements of vector correlations in VMP is similar
to that extractable in one-photon dissociation. Nevertheless, in the VMP case the
observables also depend on additional geometrical factors due to the alignment
of the excited intermediate states and additional information can be provided on
the dissociation dynamics since different regions of PES are accessed.

2.2 Intramolecular Vibrational Dynamics: Normal and
Local Modes and the Role of Intramolecular
Vibrational Redistribution

Since the starting point of VMP is vibrational pre-excitation of the initial
(usually ground) electronic state, understanding the intramolecular vibra-
tional dynamics in this state is crucial for understanding VMP. The vibrational
dynamics on the excited electronic state reached as a consequence of electronic
excitation from the initially prepared state is important as well. However, the
vibrational dynamics of the ground electronic state is more frequently
addressed in VMP studies.

The most important concept in this context is that of intramolecular vibra-
tional redistribution, IVR, which may cause the vibrational excitation of a
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specific mode to spread quickly and in an apparently complex manner over the
entire molecular framework. The theory of IVR has been extensively studied.
We list here a few publications,33 3 mostly feature or review articles. However,
in our concise presentation below we follow, in particular, Refs. 35,36 and 37,
since these references include pedagogical overviews of IVR that fit well our
goal to briefly review theoretical aspects that are relevant to VMP.

2.2.1 Normal Modes and Local Modes

To facilitate the discussion of IVR, we first recapitulate the formalism for
describing vibrations in polyatomic molecules. In the description in the frame-
work of normal modes (NM), the vibrations are treated as small oscillations of
the nuclei within the vicinity of the equilibrium configuration in a harmonic
potential."*4%*! Under this assumption of “pure” harmonic vibrations, each atom
in the molecule is moving with the same frequency and phase for a given NM. In
terms of the normal coordinates along which the motions of NM occur, both the
potential and kinetic energies in the Hamiltonian are diagonal (i.e., of quadratic
form). However, to describe the vibrational states in a real molecule, in particular
high-lying states, coupling of several NMs has to be assumed. This deviation from
the pure harmonic approximation is generally referred to as anharmonicity. The
anharmonicities are introduced as perturbations to the wave equation, e.g., cubic
terms and terms containing products that involve different normal coordinates are
added to the potential-energy expression. The NM models utilized in vibrational
spectroscopy include these couplings. The energies of the vibrational levels for a
polyatomic molecule can then be obtained from the expression®

o 1T (1+2) s (1+4) 1)

iz

1
YN el + (2.24)

i j>i

where v; is the vibrational quantum number, w; the harmonic vibration wave
number for the NM i, d; the corresponding degeneracy, and x; and g; are
anharmonicity constants, where the latter contributes only to the energy of
degenerate vibrations with vibrational angular momentum quantum numbers /;
and /;.

The NM framework is less suitable for treating high-lying molecular vibra-
tions, in particular those that have relatively small couplings to other bonds,
e.g., stretching vibrations of bonds to light atoms (notable examples are X-H
bonds where X is O, C or N). These vibrations are better described in the
framework of the local-mode (LM) model,** ** where the vibrations are related
to motions of individual anharmonic bonds (often approximated by Morse
oscillators). Coupling among the bonds is not included, although addition of
interbond coupling may be required for better LM description. Still, anhar-
monicity is an integral part of the LM model, whereas interbond coupling is
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inherent in the NM model. In the LM model the energy of i equivalent Morse
oscillators with n; quanta in the i-th oscillator is expressed as*

Glni,m, ) =Y [wm (ni +;) . (n[ +;>2

i

(2.25)

where w,, is the harmonic wave number and Xx,,, the anharmonicity of the Morse
oscillator.

Expansion in either LM or NM zero-order basis describes the same mole-
cular eigenstates of the full Hamiltonian. The choice of the model depends on
the vibrational states being investigated and in case of doubt a rule of thumb is
to choose the one in which further correction terms (anharmonicities for NM or
interbond couplings for LM) are the smallest. A useful approach is to employ a
hybrid LM/NM model that treats different vibrations by the different models.*¢
For example, in Ref. 47 LM basis functions were used for C-H(D) stretching
vibrations and NM basis functions to describe C—H(D) bending vibrations in
CH;(D3)X molecules (X denotes a halogen atom).

When examining a molecule prepared in a highly vibrationally excited state by
photon absorption, we can benefit from the fact that the optically active state often
corresponds to a simple vibrational motion close to one of the zero-order states (of
either the LM or NM basis). This optically active state is referred to as a zero-order
bright state (ZOBS).>>>" At sufficiently high energy, where the density of states is
large, there will be many other states that carry little or no oscillator strength (at
least in comparison with the ZOBS), and these are referred to as zero-order dark
states (ZODS). Although called “states”, the ZOBS and ZODS are not molecular
eigenstates of the full Hamiltonian. However, both types of states are eigenstates of
the zero-order Hamiltonian that neglects anharmonic coupling terms. For the full
molecular Hamiltonian that includes these coupling terms, the resulting eigenstates
can be expressed as linear combinations of the ZOBS and ZODS:

Iny = Cplby + 3 Clldy (2.26)
d

where |b) denotes a ZOBS and |d) a ZODS. Indeed, eqn (2.26) reflects the mixing
between the zero-order states at high vibrational energies, which is substantial
when anharmonic terms in the potential become significant. Figure 2.4 displays a
schematic view of the ZOBS (first column) interacting with a set of ZODSs
(second column) to form molecular eigenstates |n) (third column), which are a
linear combinations of the bright and dark states. The absorption intensity of
each transition (last column) is proportional to the fraction of ZOBS mixed into
the particular vibrational eigenstate.

2.2.2 Intramolecular Vibrational Redistribution

In addition to displaying the above states, Figure 2.4 presents a simple inter-
pretation of IVR in the frequency domain. A single rovibrational ZOBS is
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Figure 2.4 Schematic description of zero-order states and the molecular eigenstates
formed by their interaction. In this simple model for IVR, the full
Hamiltonian is separated into a zero-order term (H,) and an interaction
term (V). The zero-order bright state (e.g., the stretch state) carries all of
the oscillator strength from the ground state. This bright state is embedded
in a bath of optically inactive dark states and is coupled to them by the
anharmonic terms initially neglected. Once these terms are included in the
full Hamiltonian, the resulting eigenstates are mixtures of the zero-order
states and each can carry some brightness. In the spectrum resulting from
scanning the frequency of excitation (e.g., by a laser), each eigenstate
appears with intensity proportional to its brightness. Adapted from
Ref. 37 by permission of the Royal Society of Chemistry.

assumed to carry all of the oscillator strength in the excitation energy region.
This ZOBS is coupled to the near-resonant ZODSs through perturbations
(V) in the zero-order Hamiltonian (H,). This coupling results in molecular
eigenstates that mix the character of the ZOBS and ZODSs. As a result, the
ZOBS oscillator strength is distributed among these states. The width of the
distribution of intensity is a measure of the timescale of energy localization in
the bright state. The center of gravity of the “IVR multiplet” is preserved at the
original position of the bright state.

Anharmonic coupling between zero-order vibrational states is often exhibi-
ted by a Fermi-resonance interaction, a notable example being that between the
symmetric stretch and the two bendings of the CO, molecule.*’ In addition to
the strong low-order Fermi resonance interactions, the spectrum of highly
excited molecules shows extensive local perturbations (resulting from high-
order anharmonics, Darling—Dennison resonances, Coriolis or centrifugal
couplings).*® Therefore, if the spectrum is measured with sufficient resolution,
sets of many transitions can be observed. The minimal resolution that allows
the lines of an IVR multiplet to be resolved should be 1/(number of states per
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unit energy). If the experimental resolution is larger than this limit, the IVR
multiplet will not be resolved and will appear as a single homogeneously
broadened rovibrational line with the width given by Fermi’s Golden Rule:'®*

r=2n(V*)p (2.27)

where I is the linewidth, p is the bath state density and V is the root-mean-
squared interaction matrix element of the bright state with the bath states. It
should be noted that this width, which is proportional to the density of states, is
actually a rate of single-exponential decay of the population in the ZOBS (in
time-domain experiments). The ““characteristic”” IVR lifetime is given by 1/I’;
however, as explained below, the IVR lifetime may depend on a variety of
molecular properties.

To illustrate the effects of higher-order perturbations, IVR is frequently
described in terms of riers of coupled zero-order states (Figure 2.5).° At the
coarsest level of the structure is the ZOBS itself. As the spectral resolution is
increased, the oscillator strength associated with the ZOBS fractionates into
finer states, sometimes called “feature” or “‘doorway”” states. As one proceeds
systematically from lower to higher resolution, one is able to see more and more
states coupled to the ZOBS by progressively weaker and weaker off-diagonal
matrix elements of the molecular Hamiltonian (expressed in the zero-order
basis set).

Z0BS Tier 1 Tier 2 Tier 3

Energy
!

AT
!
T

ZOBS Tierl> ZOBS Tier2>Z0OBS Tier3

Figure 2.5 Tier model for analysis of IVR. The IVR is described in terms of ziers of
coupled zero-order states. Energy typically spreads from an initially
localized state via strong, low-order anharmonic interactions with a few
near-degenerate basis states. These states are in turn each coupled to a
successive tier of near-degenerate basis states via additional low-order
resonances. The net effect is a hierarchical coupling scheme, sequential
energy flow, and a progressive set of tiers with increasing density of states
and decreasing coupling with the ZOBS. The states in tier 1 are denoted as
“doorway” states. Reprinted with permission from Ref. 36. Copyright
1996 American Chemical Society.
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IVR occurs in the time domain but, as indicated above, can be investigated in
the frequency domain by employing various combinations of supersonic
cooling and high-resolution lasers. Analysis of linewidths in unresolved spectra
on the one hand and of eigenstate-resolved spectra on the other hand in a
variety of molecules has revealed wide ranges of timescales for IVR. In suffi-
ciently small molecules, the timescale can be extremely long, up to a few ns,
allowing selectively excited vibrations to influence the outcome of photo-
dissociation. On the other hand, certain functional groups exhibit ultrafast
energy redistribution on the timescale of fs. Two limiting cases of coupling
between vibrational states and the relation to their lifetime (t) or splitting can
be represented as follows.*® If the number of coupled states is large, energy in
the initially excited vibrational state will decay exponentially (and irreversibly)
into the dense bath states and the spectral transition will appear in the fre-
quency domain as a smooth envelope with width (in units of cm™') Av=1/
2(met). If, on the other hand, the initially excited vibrational state is strongly
coupled to only one other vibrational state that is weakly coupled to the rest of
the vibrational states, a periodic return of the vibrational energy to the excited
state will be observed. This will result in a splitting in the frequency domain,
where two peaks spaced by Av=1/ct are observed, where 7 is the period of
recurrence.

From the Hamiltonian obtained from frequency-domain spectra it is possible
to extract the temporal behavior of the zero-order states rather than measure it
directly via time-domain spectroscopy using short (fs) laser pulses. The vibra-
tional Hamiltonian allows us to follow the temporal evolution of the density
matrix given as a function of time by*

P(t)=U()P(t=0)U"(r) (2.28)
where

U =it/ (2.29)

The diagonal element P;(f) gives the probability for finding the system at
time 7 in the ith zero-order basis state.

An illuminating manifestation of the complex dependence of IVR on a variety
of molecular properties (and not necessarily on the density of states) is the
multiple timescales observed in IVR of highly excited vibrational states of
methanol.>*>! Preparing the OH-stretch overtones in the range of v; = 3-8, the
observed splittings and widths were found to correspond to three timescales.”®
The largest splittings imply subpicosecond oscillation of energy between the O-H
stretch and a combination with the C-H stretch (5v; <> 4v;+v, and
6v; <> Sv;+ ) or a combination with the COH bend (7v; «> 6v; + 2vg). Sec-
ondary timescales, in the picosecond (ps) range, correspond to finer splittings
and are thought to arise from low-order resonances with other vibrational states.
The nonmonotonic energy dependence and the extent of the secondary structure
throughout the recorded spectra reflect the requirement of resonance with
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important zero-order states. The third timescale, represented by the widths of the
narrowest features at each overtone level, reflects the onset of vibrational energy
randomization. These widths increase exponentially with vibrational energy in
the range 2v, to 8v;. At the highest energy (25000cm™") the three timescales
begin to converge, implying an irreversible decay of the OH-stretch overtone in a
couple of hundred fs. In a later study,’' conformational dependence of IVR was
observed in methanol in the Sv; state, prepared close to the staggered and par-
tially eclipsed conformations.
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CHAPTER 3

Experimental Methods

A large number of experimental techniques and many different combinations
of them have been employed in VMP experiments. The basic scheme consists
of three main steps: (1) vibrational pre-excitation, (2) excitation to a dis-
sociative (or predissociative) electronic state and (3) detection of the ensuing
photofragments. These steps are described schematically in Figure 1.1 and in
more detail in Figure 3.1. As in the former figure, and for the same reasons,
an RH molecule serves as an example in the latter. The schemes in the figure
describe experiments where a different pulsed laser is used for each step.
However, as explained below, in many instances the same laser pulse can be
used for steps (2) and (3). The typical temporal width of the laser pulses
applied in each step, as well as the delay between steps (1) and (2), is a few
ns. In most experiments there is no delay between steps (2) and (3) and this
is obviously true when the same laser pulse is used for both steps. We also
note that in many experiments LIF rather than REMPI (shown in Figure
3.1) is applied for detecting molecular photofragments.

Panels (a), (b) and (c) in Figure 3.1 describe three types of VMP measure-
ments. In each of them the wavelength of one of the lasers, represented by a
thick arrow, is scanned, whereas those of the others, represented by thin
arrows, are held fixed (but see below for a possible exception of the latter rule in
case (c)). In the measurement described in panel (a), where the same laser pulse
can be used for steps (2) and (3), the yield of the ensuing photofragments is
monitored as a function of the wavelength of the vibrational excitation and the
so-called infrared (IR) action spectrum is obtained. Since this is the most
common measurement in VMP studies, we frequently refer to it simply as the
action spectrum (note that fundamental vibrations can also be excited via sti-
mulated Raman excitation (SRE) and high overtones by VIS photons). In the
measurement described in panel (b) the yield of the ensuing photofragments is
monitored as a function of the wavelength of the electronic excitation and the
UV action spectrum is obtained. In the measurement described in panel (c) the
wavelength for vibrational excitation is parked on a specific rovibrational
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Figure 3.1 The three types of measurements utilized in the basic VMP experiments
presented in the text, where REMPI is employed for photofragment
detection. In each type of measurement (presented here for the case where a
different pulsed laser is used for each excitation step), the wavelength of
one of the lasers, represented by a thick arrow, is scanned, whereas those of
the others, represented by thin arrows, are held fixed. (a) IR action spec-
trum: the yield of the ensuing photofragments is monitored as a function of
the wavelength of the vibrational excitation (note that fundamental
vibrations are also excited via SRE and high overtones by VIS photons).
(b) UV action spectrum: the yield of the ensuing photofragments is mon-
itored as a function of the wavelength of the electronic excitation. (c)
Doppler profile: the wavelength for the photofragment detection is scanned
over the resonance wavelength for monitoring the photofragments.

transition and that for the photofragment detection is scanned over the reso-
nance wavelength for monitoring the photofragments to obtain their Doppler
profile. There are two variants of this measurement. If the photodissociation
cross section is a slowly varying function of the electronic excitation wave-
length, the same laser can be used for both the electronic excitation and the
Doppler-profile measurement. Otherwise, the wavelength of the electronic
excitation laser is held fixed and that for the Doppler profile scanned. The one-
dimensional (1D) velocity distribution of the ensuing photofragments is
extracted from their Doppler profile. To obtain 2D and 3D distributions,
photofragment translational spectroscopy (PTS) or velocity-map imaging
(VMI) are utilized. These and other monitoring techniques are presented in the
next sections.

The experimental setup utilized for the VMP experiments represented by
Figure 3.1 is schematically depicted in Figure 3.2 (an additional, more detailed
drawing of an experimental setup is given in Figure 4.1, where VMP of HI is
presented). In addition to the measurements described above, where the
vibrational population of the initial electronic state is monitored indirectly by
the action spectrum, this population is often monitored directly. This is done
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Figure 3.2 Schematic diagram of an experimental apparatus used in VMP experi-
ments represented by Figure 3.1. Both a three-laser setup and a two-laser
setup, where the same laser pulse is applied for both electronic excitation
and detection of photofragments, are depicted. OPO=optical parametric
oscillator; PA=photoacoustic; HV=high voltage; PV=pulsed valve;
DG=delay generator; BC=boxcar averager; DO=digital oscilloscope;
TOFMS=time-of-flight mass spectrometer; MSP=microsphere plate. The
OPO produces IR photons for vibrational excitation, the other lasers UV
photons for electronic excitation and REMPI. Reprinted from Ref. 28.
Copyright 2005, with permission from Elsevier.

for wavelength calibration (the wavelengths for rovibrational transitions are
well documented for many molecules), for assignment of the action spectrum
and for elucidating the dynamics of VMP by comparing the spectra obtained in
the two types of measurements. The methods applied for direct measurements
of the vibrational populations in VMP studies are described below; one
of them, photoacoustic (PA) spectroscopy, is alluded to in Figure 3.2.
As shown in the figure, the residual IR beam of the Nd:YAG/optical para-
metric oscillator (OPO) laser, emerging from the time-of-flight mass spectro-
meter (TOFMS) after passing the interaction region, is used for the PA
spectroscopy. We also note that the TOFMS, besides monitoring the REMPI
products, is sometimes used for recording the parent REMPI (or one-step
ionization) mass spectrum.
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We now turn to describe in more detail experimental techniques that have
been used in VMP studies, citing one example for each technique. We also
mention some other techniques that may be applied in VMP studies.

3.1 Preparation and Detection of Vibrational States
3.1.1 Nonspecific Vibrational Excitation

In the early VMP-related studies, thermal vibrational excitation was utilized for
understanding the temperature dependence of photoabsorption spectra and
extracting the components of the spectra related to the contributions of the
populated low-energy vibrational states. For example, measurements of the
spectral absorption coefficient of OCS in the first absorption band around
226 nm were made at a series of temperatures from 195 to 404K to determine
whether the resulting changes in the shape of the spectrum can be attributed to
contributions by specific vibrational levels of the lower electronic state.'
Another method relies on the fact that electrical discharge sources often pro-
duce rotationally cold but vibrationally excited species. An example is the study
of photodissociation of SH(X *IT3), v"=2-7) and SD(X I3, v'=3-7), pro-
duced by pulsed electrical discharge of D,S, contaminated with H atoms in the
gas-handling system.” In another nonspecific method, a beam of internally cold
O, anions was formed and then photodetached by a loosely focused pulsed
laser beam resulting in formation of O, neutrals in a strongly inverted vibra-
tional state distribution while remaining rotationally cold.?

There are additional methods for producing nonspecific vibrational excita-
tion of the ground electronic state that, as far we are aware of, have not
been applied thus far to VMP. (1) IR multiphoton excitation, where absorption
of IR photons delivered by an intense laser enables deposition of many quanta
of vibrational excitation with quite high efficiency but low specificity.
(2) Electronic excitation followed by internal conversion to high-lying vibra-
tional states of the ground electronic state. (3) FC pumping, where v=0 in the
ground electronic state is pumped to v > 0 in an excited electronic state and
followed by emission to v>0 in the ground electronic state. (4) Photo-
dissociation of a polyatomic molecule that produces a vibrationally excited
(smaller) molecular fragment. (5) Energy transfer from an electronically excited
species to a molecule resulting in vibrational excitation of the latter. (6) Che-
mical reactions of the type A+ BC — AB'+C.

3.1.2 One-Photon, State-Selected Vibrational Excitation

One-step excitation is the most obvious means for preparing specific rovibra-
tional states. IR photons with v< ~ 3800cm ™' can efficiently excite all funda-
mental vibrations of molecules of interest in VMP provided the excitation is
electric-dipole-allowed, i.e., where the selection rules are Av=+ 1.*° Excitation
of overtones and combination bands is less efficient and decreases with
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increasing Av (Section 1.2). Molecular gas lasers, e.g., CO,,° HBr,” and NH3,®
were used as a source for IR excitation of fundamental as well as low overtones
of low-frequency modes in early VMP studies.

More recent studies have utilized various nonlinear optics techniques as well
as tunable dye and solid-state lasers for exciting vibrational states in the IR,
near-IR (NIR) and VIS regions. Thus, tunable IR radiation, obtained by
Raman shifting the wavelength of an excimer-pumped dye laser (the dye laser
output was focused in a high-pressure H cell), was employed in the pioneering
VMP studies of H,O ? for exciting its antisymmetric stretch around 3840 cm ™',
Difference-frequency mixing, in an appropriate nonlinear crystal, of a NIR
laser beam (usually the 1.064-pm beam of a Nd:YAG laser) with a VIS beam,
has been frequently used for obtaining an IR beam at wavelengths > ~ 2 pm.
This method was applied, for example, for obtaining ~ 2.3 um for the inves-
tigation of VMP of HI (see Figure 4.1)."

For shorter wavelengths, needed for excitation of high overtones, both
Nd:YAG-pumped tunable dye lasers and the idler beams of OPOs have been
frequently used. An example of the former is excitation of the third stretching
overtone (v=4) of OH in HOD around 725nm "' and of the latter is excitation
of CoH, at ~ lpum in the region of three C—H stretch quanta.'? Another
example is the application of a Ti:sapphire laser, tunable at 870-880 nm, for
exciting HF (v=3)."

A single quantum-state-selected beam of oriented molecules can be obtained
via hexapole state selection in symmetric-top molecules.'* While traveling
through the inhomogeneous electric field of the hexapole, molecules with a
positive Stark effect experience a force towards the hexapole axis where the field
strength vanishes. Thus, OCS (v,=0,1,2|JIM) molecules were selected and
focused in the photodissociation region by choosing a proper hexapole
voltage."”

3.1.3 Two-Photon, State-Selected Vibrational Excitation

3.1.3.1 Overtone—Overtone Double Resonance

One-photon, selective excitation of high-overtone (or combination) states is
difficult since absorption decreases with increasing vibrational state. Overtone—
overtone double-resonance (or higher resonances) excitation schemes allow
access to very high vibrational states and states of symmetry different from that
possible by one-photon absorption. An example is the preparation of rovi-
brational states in the electronic ground state of H,O at previously inaccessible
energies.'® This was achieved by first promoting H,O in a particular rotational
state to an intermediate level that contains four or five vibrational quanta in
one of the OH stretches, then promoting a fraction of these pre-excited mole-
cules to a higher rovibrational level containing between 8 and 12 OH-stretch
quanta and between 0 and 1 quanta of OH bend. An illustration of this pro-
cedure is depicted in Figure 6.5.
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3.1.3.2  Preparation by Stimulated Raman Excitation and
Detection by Coherent Anti-Stokes Raman Spectroscopy
and Photoacoustic Raman Spectroscopy

Stimulated Raman excitation (SRE) is a method by which a molecule can be
excited to a fundamental or low-overtone vibration via interaction with two
spatially and temporally overlapping laser beams at frequencies w,, (pump) and
ws (Stokes), with a difference frequency (@, — ws) resonant with a Raman-
active vibrational transition. The selection rules for Raman processes differ
from those for direct IR, one-photon excitation. In particular, excitation of
symmetric stretches or bends is allowed for the former rather than for the latter
and the opposite is true for antisymmetric states.*> The selection of rovi-
brationally excited states is done by scanning the frequency wg of the Stokes
laser. Rovibrational excitation by SRE can be monitored by coherent anti-
Stokes Raman spectroscopy (CARS), a four-wave mixing process that “‘natu-
rally”” accompanies SRE. This occurs since @, can monitor the vibrationally
excited state: the waves of frequencies w,,, ws, w, are mixed in the sample to
generate a new coherent wave at frequency wcars = @p — Ws + @, (WOcars 1 an
anti-Stokes beam). Although CARS may involve four waves of four different
frequencies, the above scheme has been employed in VMP studies, e.g., of
HOD where the O-H (~3700cm ') and O-D (~ 2700cm ") stretches were
excited by SRE.!” An illustration of the SRE and CARS scheme, where two
lasers (of frequencies w, and ws) are used is depicted in Figure 3.3.

There are several advantages in using SRE and CARS rather than direct IR
excitation. First, as mentioned above, symmetric stretches can be excited, as
was done, for example, in the VMP of H,O (1,0,0).18 Also, powerful lasers in
the visible are more accessible than high-power mid-IR laser needed for exciting

virtual
states

Wcars

}AV
y

Figure 3.3 SRE and CARS schemes, where two lasers of frequencies w, and wg are
used. Av is the frequency of the vibrational state excited by the SRE
process induced by the w, and wg beams represented by the two arrows in
the left. w,, also induces the CARS transition.

0
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low-lying vibrational states. And last but not least, the coherent (laser) CARS
signal can be monitored at large distances from the sample.

A related method for monitoring rovibrational states prepared by SRE is
photoacoustic Raman spectroscopy (PARS). PARS saves the use of the optical
components needed for monitoring the CARS signal and combines the
advantages of SRE as an excitation method with the sensitivity of PA
(described below) as a detection method. A comparison of CARS and PARS as
a means for studying vibrational spectroscopy is presented in Ref. 19 and
application of PARS to VMP (where the fundamental CHj stretch of
CH;CFCl, was pre-excited) in Ref. 20.

3.1.3.3  Preparation by Stimulated Emission Pumping

This method relies on FC pumping to an excited electronic state followed by
stimulated dumping of this state to a high vibrational level of the ground
electronic state.”! The promotion of molecules in stimulated emission pumping
(SEP) is by two photons of different wavelengths and the reachable vibrational
states correspond to quite different skeletal motions of the molecule than those
accessible in direct excitation. The pump laser acts first, followed, after some
time delay, by the dump (or Stokes) laser. If the laser intensities are sufficiently
high to saturate the transitions, 50% of the population of state [1) can be
transferred to |2) of which 50% can be transferred to [3), i.e. the transfer
efficiency from [1) to |3) can reach 25%. SEP has been used extensively as a
spectroscopic method to provide new insights into IVR?* and at least once in
VMP studies, for pre-excitation of vibrational states in the VMP of CS,.>* An
illustration of this procedure is depicted in Figure 5.3.

3.1.3.4 Preparation by Stimulated Raman Adiabatic Passage

Stimulated Raman adiabatic passage (STIRAP)**2® uses coherent, partially
overlapping light pulses to produce highly efficient (up to 100%) population
transfer between quantum states of an atom or a molecule. The procedure
relies on an initial creation of coherence with subsequent adiabatic passage
between the relevant states. In its simplest form the procedure involves a
three-state, two-photon Raman process, in which an interaction with a pump
pulse P links the initial state |1) with an intermediate state |2), which in turn
interacts via a Stokes pulse S with the final state |3). Although STIRAP might
resemble SEP, it is different. Unlike SEP, The Stokes laser acts first, followed,
after a time delay that allows partial overlap, by the pump laser. Moreover,
whereas for SEP coherence properties of the radiation are not relevant,
coherence is essential for STIRAP. Most importantly, when STIRAP is
applied the population of the intermediate state |2) is negligible, whereas
for SEP it is significant. We note that when continuous-wave (CW) lasers
are used in combination with molecular beams, spatially displaced, but
partially overlapping, laser beams, propagating perpendicular to the mole-
cular beam, achieve the partial temporal overlap. Since coherence is essential,
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single-mode CW lasers are used in this case. When pulsed lasers are used, the
axes of the laser beams coincide and the pulses are delayed in time, and
coherence (inferior to that of CW lasers) is achieved by transform-limited
bandwidth of the pulses.

The method has been applied most successfully to atoms and diatomic
molecules.>>**® For excitation of polyatomics STIRAP has limitations, since in
the case of increased density of states, particular transitions possess sub-
stantially smaller line strength, requiring adequate laser power to achieve effi-
cient transfer.>>2° Still, a transfer efficiency of nearly 100% was demonstrated
from the (J,K)=(3,3) of the ground vibrational state (0,0,0) to the same
rotational level of a high overtone (9,1,0) in SO».?*> 2" STIRAP may be a useful
means for VMP studies when other methods fail, but it has not been used thus
far for this purpose.

3.1.4 Monitoring Vibrational Excitation

As mentioned above, vibrationally excited states are sensitively detected via the
action spectrum, as well as by CARS and PARS. However, simpler, more direct
measurements are often needed. Changes in the electronic absorption from the
ground electronic state following vibrational excitation can be measured in
order to monitor the vibrational population, as was done in NH3; VMP-related
studies.® However, PA spectroscopy is a much more sensitive method for
monitoring vibrational excitation. The PA signal is produced as a result of
energy transfer from the vibrational mode to translation, followed by local
heating that induces pressure (sound) waves that are detected by a microphone.
Indeed, PA spectroscopy has been commonly used in VMP studies, see, for
example Ref. 28 and Figure 3.2 above. A special case of PA, PARS, was alluded
to in Section 3.1.3.2.

3.2 Excitation and Detection of Electronic States

It was already noted that in order to start the electronic excitation from
vibrationally pre-excited states rather than from the ground vibrational state,
the wavelength of the photodissociating photon has to be at the leading edge of
the absorption band of the molecule. Consequently, VMP, which is usually
studied in the first (mostly UV) absorption band, is conducted using mid-UV
and VIS wavelengths, the shortest wavelength being ~ 193 nm provided by the
ArF excimer laser.’ Longer wavelengths are mostly provided by the doubled
output of a Nd:YAG-pumped dye laser. Frequently, the wavelength of the
photodissociating laser is chosen to fit the (2+1) REMPI transitions of the
photofragments (Section 3.3.2), for example ~ 243 nm for detecting H atoms'?
and ~235nm for Cl atoms.*

The electronic excitation is usually monitored indirectly via the detection of
the photofragments (Section 3.3). From the information on the fragments (their
internal-state distribution, translational energies and vector correlations) the
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quantum state of the excited electronic state from which the fragmentation
took place can be inferred. When a UV action spectrum is employed,
the excited electronic state is scanned and the dependence of the photofrag-
ment yield on specific rovibrational states in this electronic state is thus
monitored.'>?

3.3 Detection and Characterization of Photofragments
3.3.1 Spontaneous Emission and Laser-Induced Fluorescence

If the photofragments are electronically excited and radiation to lower states is
allowed, they may be detected via their emission, as was done in one of the
VMP studies on NH3; where the photodissociation was monitored via emission
from the NH,(4 ?4,) photofragment.”® However, in most cases the photo-
fragments are not electronically excited or only weakly radiate. Nevertheless, if
a photofragment can be excited to a higher, strongly radiative electronic state,
laser-induced fluorescence (LIF) is a sensitive detection method and has been
frequently applied, for example in the VMP of H,0, where the OH fragment
was monitored at ~ 308 nm.’

3.3.2 Resonantly Enhanced Multiphoton Ionization

The detection of photofragments by resonantly enhanced multiphoton ioni-
zation (REMPI) is a highly sensitive method since it combines resonant exci-
tation of a neutral species with subsequent ionization of this species and
detection of ions. In its simplest form, which has been commonly applied in
VMP studies, it involves resonant excitation by m photons and ionization,
by n photons at the same wavelength, of the resonantly excited species (see
Figures 1.1 and 3.1). It is then denoted as (m+n) REMPI (in principle each of
the m+n photons could be of a different wavelength).

For (2 + 1) REMPI (which is most often employed in VMP studies), the two-
photon probability for a transition between an initial state i and an excited state
e is given by’°

i|ulk) (k|ple)
;Ek E— (3.1)

where u is the electronic transition dipole moment operator and k& denotes an
intermediate, virtual state with energy Ey between i and e (half-way between
them at resonance). As is obvious from eqn (3.1), when the transitions in the
numerator are strong and the denominator — 0, the i — e transition will be
enhanced, consequently inducing selective ionization of the resonantly excited
state.

The ions in the VMP experiments are usually monitored in a TOFMS, mostly
of the Wiley-McLaren type.’! The combination of REMPI with TOFMS
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provides high selectivity resulting from the resonant step and the mass-selective
detection of the photofragments. It also enables monitoring the velocity dis-
tribution of specific photofragments.

These advantages of combining REMPI with TOFMS are represented, for
example, in the VMP of CHFCI,, where the two spin-orbit states of the two
isotopes of the Cl atomic fragments were monitored.>>

3.3.3 Doppler Profiles

The Doppler profiles of the photofragments are measured, primarily, in order
to extract their kinetic-energy distribution. As described in Figure 3.1(c), for
this measurement one wavelength (the REMPI wavelength in the figure) is
scanned across the photofragment resonance, while the other wavelengths are
held fixed. A 1D velocity distribution of the ensuing photofragments can thus
be extracted from the profiles using the relation

v= V()(l —E) (3.2)

C

where v is the laser frequency, v. the projection of the fragment velocity on the
laser-beam axis and v is the fragment resonance absorption frequency (at rest).
Thus, in an ensemble of species the spread of absorption frequencies is related
to their velocity distribution. When a Doppler profile exhibits a Gaussian line
shape it indicates a Maxwellian speed distribution. In this case the distribution
must be isotropic and the kinetic energy of the photofragment can be extracted
from the profile. In addition, from the area ratios of the Doppler profiles of
different species, the branching ratio for their production can be determined.

However, when the distribution is anisotropic, the shape of the profile is
complex and from its analysis the involved dynamics of the VMP process can
be analyzed. The elucidation of the vector correlations in VMP studies from the
Doppler profiles was already mentioned (Section 2.1.4) and we note that in this
respect the 1D profiles relay information on spatial anisotropy. An example is
the evidence for the onset of three-body decay in photodissociation of vibra-
tionally excited CHFCl,.*> We also note that when the same laser pulse is used
for photodissociation and for monitoring the photofragments (steps (2) and (3)
in Figure 3.1), the Doppler profile may be distorted due to the simultaneous
scanning of the excited electronic state.?

3.3.4 High-n Rydberg Time-of-Flight

In the high-n Rydberg time-of-flight (HRTOF) technique™ species in a pulsed
molecular beam are excited to high-n Rydberg states. A small percentage of the
excited species drift with their nascent velocities to a multichannel plate (MCP)
detector, where they are detected as ions after being field ionized in front of the
MCP.
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Since the excited atoms are neutral, they are not affected by stray fields and
space charge, which are major problems when detecting TOF of ions following
laser ionization in the photodissociation region as in the REMPI procedure
described above. This results in a much better translational energy resolution
when ions are detected via HRTOF.

The technique was applied, for example, to the H atom photofragments in
the VMP of C,H,.>* The H atoms were excited to high-n Rydberg states by
sequential absorption of 121.6-nm and 366-nm photons and then field ionized.
From the center-of-mass translational-energy distributions the yields of
C,H(A) and C,H(X) were obtained.

3.3.5 Photofragment Translational Spectroscopy

Photofragment translational spectroscopy (PTS) is a technique in which both
the velocity and the angular distributions of ionized species in a molecular beam,
mass selected in a mass spectrometer, are measured. This is done by monitoring
the TOF over a series of angles obtained by rotating the electric vector
of the polarized photolysis laser radiation® and/or rotating the molecular-
beam 3sources or the detectors.*® PTS was applied, for example, in the VMP
of 02.

3.3.6 Velocity-Map Imaging

Velocity-map imaging (VMI) techniques (often referred to as velocity-map ion
imaging) record 2D velocity projections of a given product and enable detailed
study of any alignment and/or orientation of the products and of any corre-
lations between the product v and J vectors.>” These techniques use a charge
coupled device (CCD) detector to collect the angle—velocity distribution of the
product all at once. The ion optics are set for “velocity mapping”’, namely, each
point on the detector corresponds to a specific 2D velocity coordinate. If the 3D
velocity distribution is cylindrically symmetric, it is possible to construct it from
the 2D projection that the detector measures.”” VMI was employed, for
example, in the VMP of SH and SD.?

The application of VMI to VMP has been increased during recent years. As
we will see in the next chapters, VMI has been applied in VMP of diatomic,
triatomic, tetratomic and larger molecules. We therefore present here some
details about this technique, following closely the detailed description given in
Ref. 37. When the parent molecules are photolyzed by a pulsed laser, the
resulting photofragments are created in a localized volume, at a well-defined
instant in time, and begin to expand in a series of concentric spheres the radii of
which (at any particular instant in time) will be determined by the recoil
velocities. These are known as Newton spheres. The VMI approach depicted in
Figure 3.4 involves the following experimental steps: (a) creation of Newton
spheres by photodissociation; (b) conversion of the photofragment spheres to
ion spheres by laser ionization; (c) projection of the ion Newton spheres onto a
2D detector; and (d) recovery of the desired information from the 2D image,
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Figure 3.4 A: Schematics of VMI for measuring Newton spheres from photo-
dissociation. B: Apparatus layout showing the electrostatic lens used for
velocity-map imaging of photodissociation. TOF=time-of-flight; CCD=
charge coupled device. See text for some further details and Ref. 37 for full
details. Reproduced from Ref. 37 by permission of the PCCP Owner
Societies.

either directly from the middle slice of the ion packet (experimental slicing), or
via a mathematical transformation. The result of (d) should be equivalent to
taking a thin slice through the middle of the Newton sphere formed in step (a).
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CHAPTER 4

VMP of Diatomic Molecules
and Radicals

VMP of diatomic molecules and radicals is discussed here only briefly since
mode-selective or bond-selective dissociation, which has been the main rea-
son for the recent interest in VMP, is not relevant for these molecules. The
aim of VMP studies of diatomic molecules, starting in the 1970s, has been to
investigate the effect of rovibrational parent excitation on the photodissocia-
tion dynamics, e.g., enhancement of the dissociation cross section, polariza-
tion dependence of product angular distribution and branching ratios
between electronic states of the products. However, already in the 1920s, in
the seminal papers of Franck' and Condon,>? the contribution of vibrational
(thermal) population to the continuous absorption (leading to dissociation)
in homonuclear and heteronuclear diatomic molecules was noted. This was
followed by detailed analysis of the temperature-dependent continuous
absorption of Cl,*7 Br,® and Na,.’® For Na, the analysis considered in
detail the variation of the electronic dipole moment as a function of the
internuclear separation, following previous studies on photodissociation of
Na,.?? 8¢ Good agreement between experiment and theory was found for the
relative variation of the absorption cross section but not for the absolute
values.®* The discrepancy was attributed to inaccuracies in the measurements
and in the PES used.

An illuminating, early application of the FC principle is presented in Refs. 8f
and 8g for the photodissociation of vibrationally (thermally) populated Nal.
The dependence of the recoil velocity of the Na fragment on the vibrational
level of the Nal parent was calculated. An oversimplified form of the FC
principle was applied, which assumes that electronic transitions occur only
from the midpoint of the classical vibration when v=0, and only from the
turning points when v > 0. Nevertheless, this is, in a sense, a state-to-state
VMP (computational) study.
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Preparation of specific vibrational levels was applied in VMP studies on
several diatomic molecules: all four hydrogen halides were studied experi-
mentally (HF,” HCL'O'"a1"" HBr 2122 and HI') and theoretically
(HF'#13.1490 0 pDF M4 gy HadibllelSisa g 1616 04 {17200 opq
DL.'72%%) n addition, the VMP of H,,'* IBr,'¥!8> QH20¢-20920¢ 34 Q202"
was theoretically, and of OH,?* OD,?*2%f SH,2!>2 SD?? and 0,%*** experi-
mentally studied. Some of the experimental studies and their analysis are briefly
summarized below. Unless otherwise stated, it is assumed that the two atomic
photofragments were produced in their ground electronic states.

4.1 HF

Spin-orbit branching ratios of the F photofragments and infrared alignment of
the parent were studied in VMP of HF.? Single rotational levels of HF(X 'Z*,
v =13) molecules were prepared by using overtone excitation by an IR laser and
the molecules were then photodissociated by UV radiation at 193nm. The
HRTOF technique was applied to the H atom product to obtain center-of-mass
translational-energy distributions and provided the spin-orbit state distribution
of the fluorine fragment. The hyperfine coupling of HF in v =3 was examined,
testing the vibrational dependence of the coupling constants. Contributions
from higher-order terms in the vibration were suggested. The dependence of the
H atom angular distribution on IR laser polarization indicated a pronounced
alignment, whose time dependence was examined by varying the delay between
the IR and UV lasers. Thus, in addition to HF v=3 alignment parameters
measured in this experiment, it also provided the first experimental demon-
stration of alignment depolarization, due to hyperfine interaction, in this
system.

4.2 HCl

The apparently first published two-step (using IR-UV lasers) VMP study was
carried out on HCI(X '=7).1%1% Ap IR laser excited the v=3 state of HCI,
while a UV laser photodissociated only the vibrationally excited molecule. The
ClI photofragments reacted with NO to produce NOCI.

In a much later, more elaborate, study the effect of internal parent excitation
on the UV-photodissociation dynamics of HCI(X 'Z) molecules was inves-
tigated in jet-cooled H*CI molecules within a TOFMS.'" The HCI was excited
to a particular rovibrational level of the ground electronic state using tunable
IR-laser radiation. Wavelengths required for the first and second overtone
bands of HCI were directly provided by the idler output of an OPO. The
fundamental vibrational band wavelengths were obtained by difference-
frequency mixing of visible laser beams. A laser beam of UV light ~ 235nm
subsequently photolyzed the prepared HCI (v, J) molecules and state-selectively
ionized the CI(>*P;) photofragments via (2+ 1) REMPI. The production of C1*
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ions was monitored using a TOFMS as the UV wavelength was scanned over
the full Cl atom spectral feature. The following quantum states were prepared
by infrared absorption: v=1, J=0 and J=5; v=2, J=0 and J=11; v=3,
J=0and J=7. The results were presented as the fraction of total chlorine yield
formed in the spin-orbit excited state, CI(*P, ). Although there is not a strong
or clear-cut v dependence on the branching fraction in this excitation region for
HCI, calculations'' suggest that there should be very pronounced effects on the
branching fraction at higher excitation energies.

Preparation of highly polarized nuclei and optical control of atomic orbital
alignment of 35Cl(2P3/2) atoms has also been demonstrated in VMP of
HCL."'®!° 1 the first experiment''® H*3Cl(v=2, J=1, M = 1) state was pre-
pared with a 1.7-pm laser pulse and then dissociated with a delayed 235-nm
laser pulse to produce *°Cl atoms. Time-dependent polarizations of both
H*’Cl(v=2, J=1) molecules and *’CI(*P3;) atoms, which varied due to
hyperfine quantum beating, were measured. The *>Cl nuclear spin was highly
polarized at a pump-probe delay of 145ns. In the second experiment''®
H*Cl(v=2, J=1, M=0) was prepared. These rotationally aligned J=1
molecules were then selectively photodissociated with a linearly polarized laser
pulse at 220 nm after a time delay and the velocity-dependent alignment of the
BCICPs ,2) photofragments measured (the BCICPs 2) atoms are aligned by two
mechanisms: (1) the time-dependent transfer of rotational polarization of the
H*Cl(v=2, J=1, M =0) molecule to the 35Cl(2P3/2) nuclear spin contributes
to the total 35C1(2P3/2) photofragment atomic polarization and (2) the align-
ment of the 35Cl(2P3/2) electronic polarization resulting from the photoexcita-
tion and dissociation process). The total alignment of the *“CI(*Psp)
photofragments was found to vary as a function of time delay between the
excitation and the photolysis laser pulses, in agreement with theoretical pre-
dictions. It was shown that the alignment of the ground-state *° C1(2P3/2) atoms,
with respect to the photodissociation recoil direction, can be controlled opti-
cally. It was noted that potential applications include the study of alignment-
dependent collision effects.

4.3 HBr

In a pioneering, quantitative work on VMP of a diatomic molecule, the relative
absorption cross sections of HBr(X '=*, v=1) and (v=0) at 258.9 nm were
compared.'? The v=1 state was prepared via IR excitation by an HBr pin-
discharge laser. The absorption cross section for HBr (v=1) was found to be
(5.5+ 1.1)x107%° cm?/molecule, 34 - 7 times larger than that for (v=0) at this
wavelength. A theoretical estimate of the ratio of cross sections, based on
applying the reflection principle® to the UV absorption spectrum of HBr, gave
poor agreement with the experimental result. The importance of this experi-
ment stems from the fact that it directly and quantitatively measured, for the
first time, the enhancement of the photodissociation cross section following
vibrational excitation to a specific vibrational state.
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The photolysis of HI(X 'E*, v=2, J=0) - H+I(P,5)/I(*P3,,) was studied
over the wavelength range 297-350 nm."? Vibrationally excited HI was pre-
pared using direct absorption of an IR beam, obtained by difference-frequency
mixing of visible laser beams amplified in an optical parametric amplifier
(OPA), and the H-atom photofragments were probed via REMPI coupled with
core-extraction TOFMS. Schematics of the experimental setup used for this
detailed study are depicted in Figure 4.1.

Photolysis
(a)
Nd:YAG H Dye \
BBO
== PEM
LLDEM OPA _“signal
i LINDO i /4 :_[‘INEQBE @idler
H 7y -
¢+ ] e
| Nd:YAG H Dye 0
BBO

Figure 4.1 Schematics of the experimental setup for the VMP studies of HI. (a) Block
diagram of the laser systems used to generate the IR, photolysis, and
probe light. The IR is generated by difference-frequency mixing, DFM,
and optical parametric amplification, OPA. The photolysis and probe
light is generated by frequency doubling in BBO the output of a dye laser.
The photoelastic modulator, PEM, is used for rotating the polarization of
the laser beam. TOF=time-of-flight. (b) Schematic of a Wiley—McLaren
TOF mass spectrometer: D=deflection plates, CE=core extractor,
MCP=multichannel plates, and PV=pulsed valve. Reprinted with per-
mission from Ref. 13. Copyright 2004 American Chemical Society. 2004,
108, 7806.
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Both the spin-orbit branching ratios of the I atoms and the photofrag-
ment angular distribution were measured. The branching-ratio measurements
disagreed with predictions obtained from ab initio calculations and from
the results of an empirical analysis based on experimental values of the
HI/DI(v=0) absorption cross sections and branching ratios. This data was
combined with all existing absorption coefficient and branching fraction data
for HI/DI in a global analysis that provided a new empirical determination of
the final-state potential curves and transition moment functions for the
four excited electronic states contributing to the 4-band UV absorption con-
tinuum of HI. The analysis yielded two models for the radial dependence
of the excited-state potential-energy curves and transition dipole moment
functions. The existing data could not differentiate these models, but the study
identified a range of experiments that would do so. It was demonstrated, once
again, that photodissociation of vibrationally excited molecules is a sensitive
probe of the repulsive excited electronic states encountered in bound-free
transitions.

However, from a more recent analysis*’° it was concluded that a simple and
theoretically meaningful correction, namely, a small shift of the A-band triplet
states of HI to higher energies, essentially removes the discrepancy between
theory and experiment and the HI photodissociation branching ratios agree
quite well with the measured data.

4.5 OH, OD, SH and SD Radicals

Vibrationally excited OH/OD (Refs. 20e/20e,f), produced in a pulsed electric
discharge in a supersonic beam of H,O/D,O (seeded in Ar), were state-selected
and focused by a hexapole and then photodissociated by a single laser tuned to
various H/D or O atom (2+1) REMPI wavelengths between 243 nm and
200nm. The angle velocity distributions of the resulting O and D" photo-
fragment ions were recorded using VMI. Photodissociation to the O(*Py)+ H/
D(*S) limit was shown to take place by one-photon excitation to the repulsive 1
> ~state. The experimental data shows that vibrationally excited OH/OD (up
to v"=3/5), formed in the discharge, are dissociated (a vibrational temperature
of 2000 K was estimated for the beam source). It is noteworthy that while the
photodissociation of OH/OD is energetically allowed at A <284 nm, FC over-
lap restricts absorption from OH/OD (X, v'=0) to A< 180 nm. However, when
the X state is populated in higher vibrational levels, A > 180 nm radiation can
excite the radicals into the repulsive 1 *Z state, leading to the observed H/D
and O atom product signals.

UV photodissociation of SH(X *T3, v =0-2), generated by 193-nm pho-
tolysis of H,S, was studied at 216-232 nm using HRTOF to probe the H atom
translational distribution and infer the spin-orbit branching fractions of the
S(*P,) product.®' Photodissociation of SH(X *II3, v/ =2-7) and SD(X °TI3,
v =3-7), produced by pulsed electrical discharge of D,S, contaminated with H
atoms in the gas-handling system, was studied at 288 and 291 nm using VMI to
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probe the angular and speed distributions of the S(' D,) products.®* In the former
study®' it was inferred that the absorption cross sections of SH (v/ =1) in the
region of 216-232nm are at least 1.5-3 times larger than those of SH (v// =0).
However, the SCP)) product fine-structure state distributions from photo-
dissociation of SH(X *I15 2, V' =1, 2) are essentially the same as those from SH(X
2H3/2, v =0). This is in contrast to the photodissociation of some of the other
molecules reported in this chapter and of some halocarbons (Section 6.5) where
vibrational excitation does change the fine-structure state distributions of the
atomic products. In the latter study®” the photodissociation wavelengths at 288
and 291 nm were chosen to coincide with those for S('D,) REMPI. At these
wavelengths S('D,) can only be produced by direct dissociation of SH(X 15 2V
> 1) and SD(X °TI35, v/ > 2). It was found that the width of the cross section
peaks is significantly larger for SH than for SD. This broadening can be quali-
tatively understood on the basis of reflection principle,> since the vibrational
states of SH are more delocalized than the states of SD.

4.6 O,

VMP of O,(X 3Zg_ ) was studied in an intriguing experiment where a pulsed ion
source together with two pulsed laser systems were utilized.”® In the source
region, a beam of internally cold O5 anions was formed and then accelerated to
5keV. The O, anions were photodetached by a loosely focused pulsed laser beam
at 480 nm and as a result O, neutrals were formed in a strongly inverted vibra-
tional state distribution while remaining rotationally cold. The resulting 5-keV
beam of vibrationally excited O, neutrals was intercepted by a second pulsed laser
beam, which excited specific O, B *E,(v/, N') « X32g (v, N") transitions. The
wavelengths used in this work ranged from 206.04 nm for the B 3E, (v =9) « X
’Y, (v =4) transition up to 239.17nm for the (V' =0 « v/ =4) transition.

The predissociation of the O, B *X state (v=0-11) was investigated using
fast-beam photofragment translational spectroscopy. The energy resolution of
the experiment, 7-10 meV, was sufficient to yield the correlated fine structure
distribution P(j,,j») for the two O(3P,~) fragments. These spin-orbit branching
ratios depend markedly on the vibrational quantum number, providing
detailed insight into a relatively unexplored facet of molecular dissociation
dynamics. No less than four repulsive states are expected to mediate the pre-
dissociation of the B X state, primarily via spin-orbit coupling, and the
couplings among these states at long range (R ~ 5-7 A) determine the final
spin-orbit distributions P(j;.j»). In attempts to model these distributions in both
the adiabatic and diabatic limits, neither limit proved very successful. A more
phenomenological approach to fitting the data suggested that products with
Jj1=j>=2 result from single transitions between adiabatic potentials at long
range, whereas the populations in the other product states are determined by
multiple transitions among the repulsive states.

VMP of O,(X 32;) was also investigated in the context of production of
ozone in the upper stratosphere and mesosphere.”* It was suggested that
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vibrationally excited O,, produced by photolysis of ozone, is photoexcited to
the B °Z, state that predissociates to O atoms. The O atoms then recombine
with O, molecules to produce Os.
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CHAPTER 5

VMP of Triatomic Molecules
Excluding Water

Triatomic molecules are the simplest polyatomic where mode-selective or bond-
selective dissociation can be demonstrated. Moreover, they are small enough to
allow ab initio calculations of PESs and photodynamics although they possess
several vibrational degrees of freedom, like stretches and bends, which play a
principal role also in larger molecules. VMP of several triatomic molecules has
been studied for many years (03,1*38b OCS, #3961 OCSe,*? N,0,*6-:6372
CS,,*77* ICN,*> DCN” and HCN,”>”® HOCI™**’® and DOCI,® and
HOBr"’) both experimentally and theoretically. However, it was the extensive
theoretical and experimental investigations of the water isotopologues, in parti-
cular H,O and HOD, that opened a new era of detailed studies of state-to-
state photodissociation out of specific rovibrationally excited states of polya-
tomic molecules. The studies of the water isotopologues are discussed in detail
in Chapter 6, following the present chapter that consists of short sections on
the other triatomic molecules, except O3 and OCS, which are discussed in more
detail. O3 due to the role of VMP in its solar photolysis and OCS since in this
case vibrational-state specificity in VMP was studied quite extensively.

5.1 VMP of O3
5.1.1 Spectral Features of O3 Relevant to VMP

Ozone, O3, is a bent molecule with a bond angle of 116.8° (Ref. 77a). The
fundamental vibrations are v;=1103cm ™' and v;=1042cm ™! for the sym-
metric and antisymmetric stretch, respectively, and v,=701cm~' for the
bending.'® Early VMP studies of ozone were facilitated by the availability of
CO, lasers at convenient frequencies for excitation of the v3 level.
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Figure 5.1 The photophysics of ozone for excitation energies up to 6eV. (a) The

measured absorption cross section (in cm?; logarithmic scale) of ozone as a

function of the excitation energy. (b) One-dimensional cuts through the
PESs relevant for the photodissociation of ozone. R; is one of the O-O bond
lengths; the other one is fixed at R, =2.43 a, and the bond angle is a =117°.
E=0 corresponds to Os(X) in the ground vibrational state (zero-point
energy). A, B, and R indicate the three (diabatic) ' A’ states relevant for the
Hartley and Huggins bands. The horizontal arrows illustrate the electronic
assignments of the absorption bands. Shading in (a) and (b) stresses the
relation between the absorption bands and the underlying electronic states.
Reproduced from Ref. 38a by permission of the PCCP Owner Societies.

As an introduction to VMP of ozone, its measured absorption cross section
as a function of the excitation energy and one-dimensional cuts through the
PESs relevant for the photodissociation of ozone are depicted in Figure 5.1
(Ref. 38a). This reference reviews recent theoretical studies of the photo-
dissociation of ozone in the wavelength region from 200 nm to 1100 nm. It also
cites many references on hot bands, i.e., bands that originate from excited
vibrational states in the ground electronic state and obviously are relevant to
VMP of ozone. The measured absorption cross sections of ozone shown in
Figure 5.1(a) are for the energy range from about 1eV to 6eV. Four distinct
absorption bands can be identified: Wulf, Chappuis, Huggins, and Hartley. The
UV radiation is absorbed by the strong Huggins—Hartley band system that is
our main interest in discussing the VMP of ozone. All four bands exhibit more
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or less pronounced diffuse vibronic structures that reflect different details of the
intramolecular vibrational dynamics in the particular excited electronic states
and the nonadiabatic couplings between different states.

One of the main reasons for the interest in ozone photolysis is the production
of electronically excited oxygen atom, O('D), in the spin-allowed dissociation
of O3 molecules excited to the 1 'B, state, the so-called B state, at A< 310 nm
(E > ~ 4eV, see Figure 5.1):*%*

<310 nm
—

O3(X '4') + hv 03(1 'By) — Oy(a'A,) + O(' Dy) (5.1)

O('D) is an important species in the chemistry of the lower atmosphere.>’
The small fraction of O('D), produced in the atmosphere by solar photolysis,
that survives quenching to the ground state, O(*P), reacts with water and small
hydrocarbons and turns out to be the major source of OH that, in turn, initiates
the oxidation of pollutants, thereby cleansing the atmosphere. Knowledge of
how O('D) is formed in the atmosphere is therefore critical in understanding
the creation of OH.

5.1.2 VMP of O; as a Source of O('D)

The importance of VMP of ozone stems from the fact that the longer-wave-
length “tail” (4 > 310 nm) in its solar photolysis produces O(' D) via excitation
of vibrationally excited ozone (it should be noted that also very weakly
populated spin-forbidden channels producing O('D) have been observed
experimentally in the wavelength range corresponding to the Huggins band?’).
The longer wavelengths are important because stratospheric ozone screens
most of the shortwave UV (which produces O(' D) from the vibrational ground
state of ozone) from the lower atmosphere. Moreover, despite significantly
lower populations in the vibrationally excited levels, greatly increased FC
factors with excitation of the stretching modes result in relatively large inten-
sities of hot bands. Thus, the observed O('D) quantum yield from VMP of
ozone is comparable to that observed for photodissociation of the ground-state
molecules via (5.1).7

It is thus not surprising that numerous investigations of ozone photolysis
were carried out, many of them alluding to vibrationally excited ozone.'**®
The effect of vibrational excitation, either thermal®*>?1273% or due to ground
state O plus O, recombination,*!"!¢ on the shape of the absorption bands was
examined.! %1738 Moreover, the influence of vibrational excitation on the
yield of the photofragments and on their kinetic energy was studied in detail
using REMPI and LIF. The yields of, mostly, O('D,)>!7-2072830:3137 454
O,(a'A,) 718192638 byt also 0(31‘?,-)20’28’29’31’32 (and more specifically O Py)>**
and O(%Pz)“) and Oz(bli‘.;)zg’32 and their kinetic energy'®:!%-21:24.26.28-31.36-38
was monitored. In addition, various methods were used to calculate the effect of
vibrational excitation on the shapes of the spectra and to compare them to
experimental results.! %1138 The experimental and theoretical investigations
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clearly confirmed that the photolysis of vibrationally excited ozone is efficient
due to the high FC factors for the electronic excitation step and is a major
source of O('D) in the atmosphere.

For further understanding of VMP in ozone, an IR-UV two-laser photo-
dissociation technique was used to measure the effect of ozone vibrational exci-
tation on the cross section for photodissociative production of O('D) at several
UV wavelengths.” *!° In these IR-UV double-resonance experiments a CO, laser,
operating at ~ 9.5 um, populates the antisymmetric stretching mode vs, (001), at
1042 cm ™!, which rapidly equilibrate with the symmetric stretching mode vy, (100)
at 1103cm . Below the ~ 310-nm energy threshold for the process given by eqn
(5.1), vibrational excitation of O; was found to increase the cross section for
production of O('D) by nearly two orders of magnitude at 300 K.> Substantial
increases in both the O3 photoabsorption cross section and the O(' D) quantum
yield were observed.” Moreover, although mode dependence of the VMP was not
directly measured, it was concluded from a study of the photofragment excitation
spectrum for O('D) from the photodissociation of jet-cooled ozone in the
wavelength range 305-329 nm, that the active mode for the hot-band excitation
was the v; mode in the ground electronic state.> This conclusion was partially
supported by a study of the dynamics of ozone photolysis at room temperature in
the wavelength region 301-311 nm, where Oz(lAg) was probed.*® It was estimated
from this study that in the photodissociation of vibrationally excited ozone
beyond the photodissociation threshold wavelengths of 310nm, ~ 1/3 of the
photofragments are from excitation in the vy mode.*® However, a different con-
clusion has been presented following an analysis of the longer-wavelength tail of
the ultraviolet absorption spectrum of O5.*> The structure of the absorption
bands was assigned to vibrational progressions in the vy mode and the bending
mode v,, (010), at 701 cm™" but not the v; mode. This apparent disagreement
points to the need for state-to-state VMP experiments to resolve such issues, as
exemplified in studies of other molecules described in subsequent sections.

It is noteworthy in this context that from the theoretical analysis of Ref. 38a
it seems that excitation of the v; antisymmetric stretch fundamental is more
efficient than excitation of the v; symmetric stretch fundamental in increasing
the overlap with the wavefunction in the upper state. We also note that the
effect of excitation of the (1,0,0), (0,0,1), (0,1,0) and (0,2,0) vibrational modes
on the photodissociation of ozone in the Hartley continuum has been recently
theoretically studied and reported in Ref. 36 and corrected in 38b.

5.1.3 Vector Correlations in the VMP of O;

Additional insight into VMP of ozone was obtained from studies of vector
correlations.?®*”® The translational anisotropy (the f parameter),?-3"-3*
electronic angular momentum polarization of O('D,)*” and the rotational
angular momentum orientation of the Oz(lAg, v=0, J=16-20)** obtained
from photolysis of vibrationally excited ozone were studied. It was found®’ that
for photolysis wavelengths greater than 310 nm, O('D,) is formed from the
dissociation of internally excited ozone and the corresponding f§ parameters are
markedly lower than for atomic fragments produced with the same speed from
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the photolysis of ground-state ozone. The general trend observed for the
f parameters of the atomic fragment was also observed for the molecular
photofragments.*® The lower value of § for the dissociation of vibrationally
excited ozone may be a consequence of a contribution to the dissociation from
an excitation whose transition dipole moment possesses different symmetry
from that for excitation from the vibrational ground state.’’ The angular-
momentum polarization of O(' D,) produced in VMP of ozone increases, which
is consistent with the increasing contribution from the photolysis of internally
excited ozone as the dissociation wavelength lengthens.?” As for the rotational
orientation moments, they were found to be negative for photolysis at 301 nm,
indicating that a bond-opening mechanism provides the key torque for
the departing O, fragment, and to become positive for photolysis beyond the
dissociation threshold, as the increasing impulsive dissociation begins to
dominate the nature of the rotation of the departing molecular fragment.*®

5.2 VMP of OCS
5.2.1 Spectral Features of OCS Relevant to VMP

The fundamental vibrations of OCS are v; =2062cm ! and vs=859cm ™! for
the C—O and C-S stretch, respectively, and v, =520 cm ™" for the bending.”’® As
in ozone, early VMP studies were facilitated by the availability of CO, lasers at
convenient frequencies, which were suitable in the present case for excitation of
the 2v, level.

What makes the OCS molecule an interesting system for VMP studies is that its
electronic ground state is linear, whereas its dissociation takes place through
excitation to bent electronic states. For the bent molecule the symmetry of the
linear OCS, C..,, is lowered to C,. The '=* ground state is of A’ symmetry, and
the 1 'A excited state splits into the 2 '4” and 2 '4” states (see Figure 5.2). The
nearby (for =0°) 1 'S state correlates with the 1 '4” state. Electronic transi-
tions originally forbidden in the linear geometry from the ground state are
induced by bending distortion. To put it differently, due to the interaction
between the motion of the electrons and the vibrational motion of the nuclei,
known as the Herzberg-Teller coupling,”® the transition becomes allowed.
Therefore, vibrational bending excitation plays an important role in the OCS
dissociation dynamics. The bending excitation in OCS increases the FC overlap
between the ground electronic state and the excited states at the lower excitation
energy region; it reduces the energy difference between the energy surfaces and
enhances the potential curve crossing.3#%31:53.35.58.59

5.2.2 VMP of OCS in the Second and Higher Absorption Bands

Although most VMP studies on OCS were carried out in the first absorption
band (see below), the first VMP studies of OCS were conducted for high-lying
OCS states, around 13 eV>? as well as in the 142-170 nm region (~ 7.3-8.7¢eV).*
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Figure 5.2  Schematics of the potential-energy curves relevant to vibrationally mediated
photodissociation of OCS (a) as a function of the internuclear distance R in
Angstroms (A) in the linear geometry with r, fixed to 1.13 A and (b) against
the bond angle 0 for R=2.2 A (the equilibrium distance) and r.,=1.13 A.
In the first absorption band (200-250 nm, ~ 5.0-6.2¢V) the 2 ' 4’('A) state
carries most of the transition intensity and the 1 'A”('Z™) state a small
portion of it. Reprinted with permission from Ref. 81. Copyright 1998,
American Institute of Physics.

These were the first VMP studies where mode specificity was observed, although
not directly.

In the former study®” the bending mode (v,) of OCS was excited to either
v, =2 by a CO, laser at 9.6 um or to v, =4 by adding a second CO, laser at
9.3 um to induce the 2v, — 4v, transition. The vibrationally excited OCS was
dissociated by two photons of an ArF excimer laser at 193 nm:

OCS(X '=*, 1) + 2h(193nm) — CO(X'Z*) + S('Sy) (5.2)

The excited sulfur atoms were detected by observation of the collisionally
induced XeS(2 '=* —» 1 '£") emission near the S('S — 'D) atomic line at
773 nm. Over 100% enhancement in the photolytic yield of S(*S) was found for
4v, pre-excitation of OCS, twice that for 2v, pre-excitation. Since the photo-
dissociation is a two-photon process, the enhancement was attributed to
mechanisms that can affect both the ground intermediates and the inter-
mediates to final-state transitions. The suggested mechanisms are (1)
improvement of the resonance in these transitions due to the vibrational exci-
tation, in particular for the 4v, pre-excitation, (2) better FC factors for the
intermediates to final-state transitions between bent OCS states and (3) as
mentioned above, bending of ground-state OCS lower the C.,, to C, and
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facilitate the ground-intermediates states transitions. The 'A and 'IT states
were suggested as intermediates and a high-lying ' as the final state. However,
the most interesting conclusion of this work is that a mode-specific mechanism is
involved in the enhancement of the photolytic yield of S('S). This was deduced
from the observation that the enhancement following excitation of OCS to
either 2v, or 4v, substantially decreased when V—J vibrational equilibration
was reached without greatly changing the total vibrational energy.

In the VMP of OCS in the 142-170 nm region,*’ the temperature effect on the
yield of S('S) was investigated at 232, 296 and 425K, monitoring the
S('S - 'D) emission at 773 nm. It was found that changing the temperature did
not have any measurable effect on the S('S) yield at 142—157.7 nm. In the 157.7—
170 nm falloff region the yield increased with temperature, the fractional
increase growing at longer wavelengths, to a factor of 1.9 at 170 nm when the
temperature was changed from 232 to 425 K. Since the absorption cross section
at 170 nm did not change with temperature but the population of the bending
mode (v,) at 425K was calculated to be much higher than of all other excited
vibrational modes combined, the increase was attributed, mainly, to v, exci-
tation (rotational excitation might have a minor role). The main role of v, was
in lowering the symmetry of ground-state OCS (see arguments given above for
the previous example) which was apparently more effective for transitions near
170 nm.

5.2.3 VMP of OCS in the First Absorption Band

The first absorption band of OCS extends across ~ 200-250 nm and peaks at
225nm.”’ The absorption is followed by decomposition into CO molecules and
S atoms:

OCS(X 'T%) + v — CO(X '=*) +S('Ds) or SCPy) (5.3)

where the S('D,)/SCPy) ratio is ~ 95/5 at 222 nm at room temperature and the
CO(X '=™) photofragments produced in the singlet channel have little vibra-
tional excitation but are highly rotationally excited.*® As mentioned above,
most VMP works on OCS were carried out in this band*' ®' (Refs.
52,54,56,57,60 and 61, which allude only briefly to photodissociation of
vibrationally excited OCS, will not be further discussed).

Some initial studies of VMP of OCS in this band were aimed at under-
standing the temperature dependence of photoabsorption spectra and
extracting the components of the spectra related to the contributions of the
populated low-energy vibrational states.'*****4¢ Thus, measurements of the
spectral absorption coefficient of OCS around 226 nm were made at a series of
temperatures from 195 to 404 K to determine whether the resulting changes in
the shape of the spectrum can be attributed to contributions by specific
vibrational levels of the lower electronic state.** Due to the relatively high
frequency of the C—O stretching mode v; =1 (2062cm ™) only the bending
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mode v, =1 (520cm ') and C-S stretching mode vy =1 (859 cm ') were excited
at the temperatures of these experiments. The results were attributed to the
dependence of the electronic transition moment on vibrational excitation of the
lower state, increasing significantly with excitation of the bending mode, and
even more significantly with excitation of the C—S stretching mode.

This method is not specific since with increasing temperature many rovi-
brationally excited states are populated, complicating the direct extraction of
the contribution of the different states. The complication was resolved in more
elaborate studies, carried out in cold molecular beams,*>*>* where the specific
role of the OCS bending vibrational state v, in the photodissociation was
determined by analyzing the VMI spectra of the photofragments, CO(X 'Z,
v=0, /)**% and S('D,),*> ionized via (2+1) REMPI. The 230-nm photo-
dissociation dynamics starting from the v, (0 1 0) state was compared to that
from the ground vibrational state (0 0 0): The rotational distribution of CO was
measured by the (2+ 1) REMPI, in which dissociations from the two different
initial states were discriminated from the translational energies of the CO
fragments.*>° It was concluded that the transition from (0 1 0) is more than
seven times stronger than the transition from (0 0 0).>° For 288-nm dissociation
the S(' D) fragment was probed. OCS population of up to v, =4 was found in
the molecular beam and it was concluded that the dissociation cross section is
much higher than at 230 nm and increases by more than an order of magnitude
for each step going from v, =1 to 4 (accurate numbers could not be given since
the vibrational temperature was not accurately known).>> An additional VMP
channel was deduced from these studies,* namely, two-photon IR (1.06 um)
excitation of the UV (230 nm) photo-prepared OCS: OCS(v=0)+ Av(UV) —
OCS*, OCS* + 2hv(IR) - OCS*(v), OCS*(v) —» OCS** - COX '=7)+S('S),
where the asterisks designate electronic excitation. It was suggested that the
bending mode of OCS in the excited state plays a central role in the excitation
and dissociation dynamics.

Other VMP studies concentrated in preparing OCS in a particular rovibra-
tional state, using either laser excitation®'***’*% or hexapole state selec-
tion,>!3>38% followed by photodissociation.

In the laser-excitation studies in the first absorption band the main aim was
to separate O, C or S isotopes by photodissociating selectively vibrationally
excited isotopic variants of OCS (several isotopes of each of the three atoms
were surveyed) and chemically scavenge the ensuing S atoms. A CO, laser at
~9.4-9.6 um was applied to excite the 0-2v, vibrational transition of
OCS. 14448 Alternatively, a NHj; laser at 11.4-12.3 pm, pumped by a CO, laser
at 9.2 um, was applied to pump the 0—v, vibrational transition of OCS.*’ In
both pumping schemes the IR laser was line tuned to coincide with the
absorption of specific isotopic variants and a KrF excimer laser at 249 nm was
used for dissociation. Photoabsorption measurements at 249 nm were analyzed
to determine the photodissociation cross section ratio a(v,=0)/a(v,=1)/
o(vi =1)/a(v2=2)=1.0/6.2/11.0/20.5.*" Enrichment factors of ~ 1.5-5 were
obtained for different isotopes in these experiments. The degree of isotope
enrichment increased with decreasing sample temperature, due, primarily, to
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the decrease in the thermal population of the low vibrational levels, coupled
with the strong dependence of the photodissociation cross section on vibra-
tional excitation.*®

Hexapole state selection in cold molecular beams of the parent molecules
combined with VMI of the angular recoil of the photofragments, ionized via
(2+1) REMPI, enabled study of state-to-state VMP of OCS (v,|JIM) at
~230°135859 and 223nm.>® It was found that the vibrational bending
excitation of OCS strongly enhances the photodissociation cross section.” The
cross section also varies with the final CO(X '=*, v=0) product rotational
state. For a single J channel the maximum cross section for OCS(v, =2) —
CO(J=64) is a factor of 1.6 times larger than OCS(v,=1) - CO(J = 64) and
about 33 times larger than OCS(v,=0) - CO(J = 64). Integrating over all J
states (60—67) in the high-J region, one gets a(vo =0)/a(vo=1)/a(v,=2)=1.0/
7.0/15.0. The enhancement of the photodissociation cross section with the
bending excitation is attributed to the strong increase of the transition dipole
moment with bending angle, calculated to be 0°, 10° and 20°, respectively.

5.2.4 Vector Correlations in the VMP of OCS

Several VMP studies of OCS also dealt with the anisotropy parameter
p.49-31:53:35:38 1t was found that for VMP around 230 nm f depends on both the
initial state of the parent and on that of the photofragment and therefore state-
to-state measurements are important. At 230 nm a strong dependence of f§ on
the initial bending state, v, =0 or 1, of OCS and on the rotational state of the
CO fragment was observed:’! For OCS(v, =0|JM = 10) the average value of
p was 0.24 for CO(J=44-55) (lower J, translationally fast) and 1.65 for
CO(J=60-65) (higher J, translationally slow); for OCS (v,=1[JIM =111)
the respective values of f were 0.71 and 1.74. The intermediate value of
B indicates that at least two potential surfaces, namely 1 '4”('=7) and 2 '4'('A),
are simultaneously excited and the transition dipole moment between the
ground and the excited state is neither purely perpendicular, f=—1, nor par-
allel, = +2, the theoretical limits for excitations to the above states, respec-
tively. This also explains why f is largely dependent on the vibrational bending
excitation of OCS, due to the difference of the angle dependence on the tran-
sition dipole moment between the two states. The transition dipole moment to
the 2 '4/('A) state increases more steeply than that to the 1 '4”('X7) state with
the bending angle of OCS.>*!

In a later study>® on photodissociation of OCS v, =0 or 1 around 230 nm, a
dramatic decrease of f (from a large positive value to a negative value) was
observed for very slow recoiling CO(J) fragments (for the same final J state, 63
or 64) when the photolysis energy was reduced by about 1000cm . The dra-
matic change of 5, when strongly decreasing the recoil energy, was attributed to
a breakdown of axial recoil. For VMP of OCS at 288 nm,> large negative
values of f, —0.55 to —0.75, not dramatically changing with the degree of
bending excitation, were determined as a function of the S('D,) fragment recoil
speed. This indicates that the photodissociation of OCS at 288 nm occurs
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exclusively from the 1 '4”(*Z7) bending excited potential surface that can be
accessed through a perpendicular transition.>

5.3 OCSe

The dependence of Se('S) production on the vibrational excitation of the
parent molecule OCSe to v,=2 by a CO, laser operating at 10.6 um was
examined for a photolysis wavelength of 193 nm produced by an ArF excimer
laser.®? The experimental procedure was similar to that described above for
0CS?* except that here the two CO, lasers were applied for inducing different
rotational transitions in the 0 — 2v, band and the vibrationally excited OCSe
was dissociated by one 193-nm photon. The yield of Se('S) was determined by
monitoring the collisionally induced XeSe* emission near the Se('S — 'D)
atomic line at 780 nm. Measurements of the absorption cross section for several
CO;, laser lines as well as a determination of the infrared-energy deposition for
the P (34) and P (44) transitions were made. A vibrationally induced
enhancement of 25% in the Se('S) concentration was observed and interpreted
as resulting from a vibrationally induced increase in the UV absorption
coeflicient.

54 N,O

N>O has broad photoabsorption in the 150-220 nm region, which peaks at 182
nm,” followed by decomposition into N, molecules and O atoms:”’

NoO(X ') + hv — N, (X lz;) +0('Dy) (5.4)

Although most studies on VMP of N,O were carried out for the above-
mentioned first absorption band, a pioneering state-to-state VMP calculation
was performed for the second absorption band in the 118-136nm region,
associated with the process NoO(X 'Z) + v — No(X 1Zlg) +0('Sy).®* Collinear
calculations were carried out, in which no artificial separation between photon
absorption and the dissociation was assumed. The N, vibrational state dis-
tributions and absorption spectra were studied as a function of photon fre-
quency and initial vibrational level of N>O. The absorption spectra were found
to have a single symmetric peak when starting from the (0,0,0) state and to
consist of two unequal peaks when starting from the (1,0,0) (NN stretch at
2224cm™ ") or (0,0,1) (NO stretch at 1285cm ') states. If (0,0,0) is the initial
state, the N, was mainly formed in the v=0 state for 4 > 124nm, while
population inversion was predicted to occur in the ““blue” wing (4 < 124 nm) of
the absorption curve. Assuming the (1,0,0) to be the initial state, the N,
vibrational state distribution was predicted to be inverted for A< 123 nm where
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the absorption probability is quite significant. Starting from the (0,0,1) state,
the N, vibrational state distributional was found to be inverted for most photon
frequencies in which absorption occurs. Experimental examination of these
results is not available.

For the first absorption band the PESs and spectroscopy of N,O are
quite similar to that of the isovalent-electronic system, OCS (both molecules
are linear in the electronic ground state).”® Also, as in OCS, in most VMP
studies of N>O the role of the bending vibrational state (0,1,0), at 589 em ™0
in the photodissociation dynamics was investigated and similar experi-
mental methods were applied for these studies in the two molecules (except
that laser excitation of specific vibrational states was not applied in N,O).
We therefore only summarize here very briefly the main conclusions of
the theoretical and experimental studies of N>O VMP in the 150-220 nm
region, 46:64-72

Early experiments®® and calculations*® were aimed at understanding
the temperature dependence of photoabsorption spectra and established the
contribution of the v, bending mode to the absorption profile. Deconvo-
lution of the experimental data showed that absorption by molecules in the
(0,1,0) vibrational mode results in a spectrum of vibrational bands super-
imposed on a continuum.®** Further, more elaborate theoretical®®’®’" and
experimental studies applying VMI of the photofragments,®> %772 some of
them including hexapole state selection of the parent,®®®” present more accu-
rate figures of this contribution. In the most recent experiment reported here,’”
VMI was applied to measure the photoabsorption transition probability in the
203-205 nm region. It was estimated that the absorption probability from the
first excited bending state is seven times greater than that from the ground
vibrational state.

55 CS,

The spectroscopy of CS, in the first absorption band is quite similar to that of
the isovalent-electronic linear (in their ground sate) molecules OCS and N,O
although the spectrum of CS, is much more structured.”® It has broad pho-
toabsorption in the 290-350 nm region, which peaks at 320 nm’® and leads to
CS and S photoproducts. The temperature dependence of the absorption in this
region was measured at five temperatures in the range 800-4000 K.”* Since the
data was taken at low resolution, a detailed analysis like that carried out on
data for OCS and N,O was not possible.*® Nevertheless, the absorption
intensity of the 320-nm system was found to increase with increasing tem-
perature due to vibrational excitation.”>*¢

The photodissociation of CS, originating in various selected vibrational
modes, but terminating in the same final predissociation state, was studied
experimentally and the results were compared with trajectory calculations
in NM coordinates.”* Very high vibrational levels of the ground electronic
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state, X IZQ , were prepared by stimulated emission pumping (SEP), using
two lasers, and then excited by a third laser to the predissociative region of the
'B, 's. state (~5.9¢V). By tuning the third laser, the photofragments were
REMPIed and monitored by TOFMS. The complex scheme of excitation,
dissociation and ionization is depicted in Figure 5.3.

16 vibrational states, from (0, 18, 0) up to (1, 26, 0) in several rotational levels
were prepared as initial states. It was found that the photodissociation rate
originating in combinations of the v; and v, modes is higher than that for the
pure v, mode and there is large variation along the vibrational progression. The
experimental observations agreed with the trajectory calculations.

s' LP.=10.36eV 4

+ ‘
CS, LP.=10.08eV

- - e - ‘

1B, 47600 cm' ‘K

(0100) 3B, —

E-photon

x‘z;__

Figure 5.3 Vibrationally mediated photodissociation of CS; via stimulated emission
pumping (SEP). The first laser induces the excitation of the *B, state and
the second laser populates vibrational states of the ground electronic states
via SEP. The third laser photodissociates the molecule via excitation to the
!B, state and also ionizes the photofragments (as well as the CS, molecule).
[.P.=ionization potential. Reprinted with permission from Ref. 60.
Copyright 2006 American Chemical Society.
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5.6 ICN

In a VMP study of ICN the change in branching between the CN + I(*Ps ) and
the CN+ICP, 52) product channels upon 248.5-nm photodissociation of
vibrationally excited rather than cold ICN was measured.”*” An increase in
branching from 49% to 58% I(2P3/2) products was observed when the tem-
perature of the photodissociated ICN parent was increased in going from a
100°C to a 400°C nozzle expansion. The crossed-laser molecular beam
experiment tested a model for the dependence of branching at a conical
intersection on the amplitude of the dissociative wavefunction at bent geome-
tries. The result provided a critical comparison between the longstanding
empirical surfaces for ICN photodissociation and more recent ab initio PESs
for ICN’s first absorption band. It indicated that vibrational excitation of the
bending mode of the ICN parent molecules leads to increased crossing to the
I(2P3/2) channel at the conical intersection (ICN in the ground state is linear).
This observation, along with a model based on ab initio PESs, strongly suggests
that increased branching results from increased amplitude in nonlinear
C, geometries across the conical intersection.

5.7 HCN, DCN, HOCI, DOCI and HOBr

Detailed calculations of VMP of the title molecules were carried out.
However, experimental confirmations of these calculations are not available.
The photodissociation and predissociation HCN and DCN around 140 nm,
yielding H(D)+ CN (B ?X™),”* was studied and the effect of initial vibrational
excitation of the parent on the vibrational distribution of CN photoproduct
was calculated. It was predicted that large isotope effects could be encountered
in certain regions of the spectrum for direct photodissociation of vibrationally
excited molecules.

The total photodissociation spectra and product rotational distributions
resulting from H(D)OCI(X '4’) - OH(D)(X *II)+CI1(*P), originating in a
number of different vibrational states, were calculated over a continuous range
of incident photon wavelengths in the range 140440 nm.”® It was found that
the total absorption spectrum from states in which only the bending motion is
excited is broader than the ground-state spectrum but similar in shape. The
absorption spectrum from states in which the O—Cl stretching motion is excited
show a peaked structure as a function of the wavelength of the incident light
reflecting the nodal structure of the bound-state wavefunction.

The primary HOBr photodissociation products arising from absorption of
radiation at 200-420 nm are OH and Br, HOBr(X '4’) - OH(X *IT) + Br(*P).”’
Predictions were made for the effect of excitation of initial vibrational states on
the absorption line shapes. It was shown how the nodal pattern of the Br—OH
stretching motion is reflected in the energy (or wavelength) dependence
of the absorption cross section and these should be contrasted to the total
absorption cross section from the (nodeless) ground vibrational state.

75-77
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Excitation of the Br—OH stretching motion leads to multiple maxima in the
total absorption cross section as a function of energy, while excitation of
the Br—OH bending motion leads to population of higher rotational states of
the OH product.
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CHAPTER 6

VMP of Water Isotopologues

There are more VMP studies of water isotopologues than of any other spe-
cies and about sixty papers that report on or allude to these studies are listed
below.! %% Also, water is the first molecule where three-dimensional state-to-
state VMP calculations were carried out.! Although VMP of both the first
and the second absorption band of water (the 4 'B, « X 'A4, transition at
140-185nm and the B '4, « X '4, at 125-137 nm, respectively) was investi-
gated, most studies were on the former. Following a short presentation in
Section 6.2 of the theoretical work on VMP of the second absorption band,
the rest of this chapter concentrates on VMP of the first absorption band.

6.1 Spectral and Dynamical Features of Water
Relevant to VMP

The photodissociation of water via excitation in the first and second absorption
bands is schematically depicted in Figure 6.1.

Both experimental and theoretical state-to-state VMP studies for the first
absorption band were carried out, the first studies are presented in Refs. 2—6.
For this band the VMP scheme for H,O is presented by:

H,O(X '4y,v) + hv — H,0(4 'B)) — OH(XIT) + H(S)  (6.1)

Similar VMP schemes apply for HOD and D,0O. H,O(X '4,) is bent with 104°
bond angle;33 its fundamental vibrations are v; = 3657 cm ! and v3 = 3756 cm ™
for the symmetric and antisymmetric stretch, respectively, and v, =1595cm ™"
for the bending; the respective values for D,O are v; =2671 cm !, v;=2788
em ! and v,=1178cm™'. For HOD v, =2727cm ™' for the OD stretch, v;
=3707cm ! for the OH and v, =1402cm ™! for the bending.*®
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Figure 6.1 The photodissociation of water via excitation to the 4 and B states illu-
strated on one-dimensional cuts along the minimum-energy paths of the
three lowest PES of H,O. (a) The dependence of the PES on the H-OH
distance. (b) The dependence of the PES on the HOH bending angle o.
Reproduced from Ref. 33 with permission of Cambridge University Press.

The study of the photodissociation of the water isotopologues in the first
absorption band has been attractive since it can serve as a model system for
simple VMP processes.** Only one bound and one repulsive excited state are
involved and for O-H internuclear distances relevant to VMP, the latter state is
well isolated from all other excited electronic states.>> Since the 4 'B; excited
state of H,O is strongly repulsive, the fragmentation is fast and direct, leading
exclusively to ground-state OH and H fragments. The system is small enough to
enable construction of the semiempirical ground-state PES " and to be treated
by exact quantum-mechanical methods for the determination of ab initio
potential surfaces, e.g., the 4 ' B surface,”® and for treatment of the dynamics on
the surfaces.***>**° Moreover, the spectroscopy of the water molecule has been
extensively studied and it is relatively easy to selectively prepare it in specific
rovibrational states. These states survive the typical timescale of VMP experi-
ments (ns). Furthermore, state-resolved detection of the ground-state photo-
fragments, OH and H, is relatively simple. In addition, in HOD levels involving
O-H and O-D stretches lie energetically rather far apart, and therefore the effect
of couplings between them is negligibly small, at least for the low-lying vibra-
tional states. This enables the study of the effect of O-H vs. O-D preparation on
the identity of the photofragments in VMP of HOD.

In most VMP experiments on the water isotopologues the parent vibration
was prepared by one-photon excitation using IR, NIR or VIS lasers, but SRE
was also applied for this purpose.'®?%2° UV lasers were used for dissociation of
the vibrationally excited parent and in most experiments the OH and OD (and
in one case the H>*) photofragments were detected by LIF, but REMPI
detection of the H and D atoms was applied as well.>* (If not otherwise stated,
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in the experiments described below IR/NIR/VIS vibrational excitation and
OH/OD LIF detection was used).

Before going into details, a word about notation of vibrational modes is
required. For the fundamental vibrations of H>,O, NM notation (v, v,, v3)
= (symmetric stretch, bend, antisymmetric stretch) is mostly used. However, for
the high overtones of H,O LMs are a much better zero-order basis (expansion
in either basis describes the same molecular eigenstates of the full Hamilto-
nian).®" "% A LM will hereafter be denoted by (mn™ k), where m and n refer to
the number of quanta in the OH stretches, (+) and (-) to symmetric and
antisymmetric combinations of the states (these combinations are the degen-
erate eigenfunctions of the zero-order Hamiltonian), mn™ =2""2(mn + nm),
and k refer to the number of quanta in the bend. Obviously, these notations are
applicable also for D,O and HOD but for the latter the above symmetry
considerations are not relevant and the degeneracy due to the dynamical tun-
neling effect that produces the mn® doublets is destroyed. Note that some
authors use the notation |mn™k) rather than (mn™ k) or just |mn)™ when k= 0.

In the LM notation the O—H stretch structure for H>O can best be presented
by polyads, with each polyad containing voy+ 1 levels corresponding to voy
stretching quanta distributed between the two identical bonds.”*®" ** Due to
anharmonic detuning effects that increase with voy, these quantum states can be
described by LM excitation, e.g., mn™ =2""*(mn + nm), with perturbative con-
tributions from other nearby members of the same polyad, e.g., 2~ *[(m +n,
n¥ Dx(m F 1, n£1)]. At least for higher polyad numbers (e.g., voy =4), this
has led to the “spectator” paradigm, i.e. a strong propensity for cleavage of the
O-H bond with greater LM vibrational excitation, with the surviving O-H bond
retaining its initial LM excitation. This is exemplified below (Section 6.3.2) for
the 218.5- and 239.5-nm photodissociation of polyads of voy =4 in H,O. In
related examples, described in Section 6.4.2, nearly 100% selective bond fission
was demonstrated in analogous HOD studies, for which the OH vs. OD stretch
LM behavior was essentially complete.

6.2 VMP of H,O and HOD in the Second Absorption
Band

In the work on the second absorption band, three-dimensional quantum-
mechanical calculations of the VUV photodissociation of H;O and HOD in the
ground (0,0,0) and bending (0,1,0) vibrational states were performed.! The dyna-
mical equations in the ground and excited states were solved by a coupled channels
expansion using the artificial channel method. The photoabsorption spectrum in
the 129136 nm range was computed. A progression of “Feshbach-type” rotational
resonances, whose positions coincide very nicely with the well-known diffuse bands
of water was obtained. A bimodal rotational state distribution of the OH(X *IT)
photofragment was shown to exist as a result of an interplay between the direct
process (giving rise to an inverted “abnormal” distribution) and a compound
process (resulting in a substantial contribution of a thermal-like component). The
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branching ratio for OH/OD production was shown to be a sensitive function of
photon energy, as were the OH versus OD rotational state distributions. Initial
vibrational excitation to the (0,1,0) state was shown to increase the absolute pho-
todissociation cross section, but to have little effect regarding the absorption line
shape and rotational state distributions. It was concluded that the dynamics is
dominated by final-state interactions. At present, experimental verification of the
results of the calculations of VMP of water in the second absorption band is not
available.

6.3 VMP of H,O in the First Absorption Band

The first VMP state-to-state studies probing the population of individual states
of ensuing photofragments and enabling crucial comparison with theory were
the innovative investigations of H,O by Andresen and coworkers.>* Parti-
cular rovibrational states in the antisymmetric stretch of water, (0,0,1), were
prepared by dye-laser Raman-shifted photons at 2.7 pm. These states were then
photodissociated by a 193-nm laser beam, followed by OH photofragments
LIF tagging, using a ~308-nm UV beam from a frequency-doubled dye laser.
From the resulting spectra, the populations of OH(X 2IT) in different rotational,
spin-orbit and A-doublet states were extracted showing their sensitive depen-
dence on the parent state, with excellent agreement with the results of a simple
FC model that included the rotational and electronic degrees of freedom.”*
These findings spurred both theoretical and experimental activity on water and
its isotopologues,” >** opening the arena of state-resolved studies and parti-
cularly of controlling photodissociation pathways by VMP.

6.3.1 Vibrational-State Dependence of H,O Absorption Cross
Section

Two aspects of the vibrational state dependence of H,O absorption were stu-
died. The first was the enhancement of the absorption from a specific rovi-
brational state of H,O over that from the vibrational ground state,*® and the
second was the relative photodissociation cross sections of different vibrational
states having approximately the same energy but different nuclear motion.*’->%*
Whereas the former aspect exemplifies the advantage of VMP in monitoring
high vibrational states of the ground electronic state of water the second is
instrumental in understanding the subtle differences between LMs belonging to
the same polyad.

The absorption from H,O (0,0,1) at 193nm (monitored for a particular
rotational transition) was found to be enhanced by a factor of ~ 500 compared
to that from the vibrational ground state.” Similar enhancement, ~ 550, was
found for H,O (1,0,0) absorption at 193 nm.?® The enhancement is due both to
the fact that the vibrational excitation redshift the photodissociation wave-
length closer to the maximum of the absorption band and to the larger FC
factors.>?®
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The ratio between the photodissociation cross sections of H>O prepared in all
stretches of the voi = 3 polyad, (037,0), (037,0), (127,0) (127,0), was studied at
248 nm and found to be 1/3.0/0.08/0.17, with no dependence on the inter-
mediate rotational state within experimental uncertainty.*” The strong decrease
in total absorption cross section between the (03*,0) and (12%,0) states was
explained by a two-dimensional time-independent quantum calculation.
Although the absolute values of the wavefunction amplitudes are comparable
for these two pairs of intermediate levels, the (12%,0) states exhibit a nodal
plane in the coordinate of the nondissociating OH bond length, which in a LM
picture corresponds to one quantum of vibrational excitation in the spectator
OH bond. When integrated over the intermediate vibrational state wavefunc-
tion, this leads to significant cancellation in the FC overlap and therefore
predicts much lower UV photolysis cross sections for (12%,0) than (03*,0). The
agreement between the experiment and the calculations is reasonable.*” The
248-nm photodissociation cross sections for some rotational states of H,O
(047,0) and (037,2) were also measured and found to be equal.>®

Varying the wavelength for dissociation from high vibrational states of H,O
provides the wavelength-dependent absorption cross section for VMP of a
highly vibrationally excited state.”” Figure 6.2 depicts the measured” and
calculated' relative absorption cross section for the (047,0) state of H,O. The
agreement between the measurement (solid points) and the wavepacket pro-
pagation calculation'® is excellent. The oscillations in the absorption curve
mirrors the nodal behavior of the (04 ,0) wavefunction along the dissociation
path from the FC region out into the fragment channel.'*

O [arb.units]

200 220 240 260 280

Wavelength (nm)

Figure 6.2 Measured (solid points)®® and calculated (solid curve)'* relative absorp-
tion cross section for the (047,0) state of H,O. The solid points are the
ratio of the cross section at each wavelength to that at 266 nm. Reprinted
with permission from Ref. 25. Copyright 1992 American Chemical
Society.
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6.3.2 Vibrational Distributions of the OH Photofragments

The influence of OH stretchings in the H,O(X '4,, v) parent on the vibrational
distributions of the OH photofragments was experimentally studied in detail for
the first through the third overtone excitation of the parent.!!8:20:23:47.30.56a |y
OH (v=0) was reported following the excitation of the fundamental vibrational
stretching.>~~% It is worth noting that theoretical studies suggest that vibra-
tional excitation of the OH product is strong for photodissociation of H,O
(1,0,0) but weak for (0,0,1).” The difference was explained by a simple classical
picture. For the symmetric (1,0,0) stretch there is a large initial momentum that
first leads to a wide stretch of both OH separations and then to large-amplitude
motion in the exit channel, resulting in significant vibrational excitation of the
OH product. In contrast, for the antisymmetric (0,0,1) stretch the H+ OH is
pushed directly into the exit channel without significant OH stretch.’

The photodissociation of H,O from the (047,0) and (137,0) stretching states,
which have roughly the same energy but very different nuclear motion, was
measures at 218.5, 239.5 and 266 nm.'*'®2*2°> The resulting OH vibrational
distributions were interpreted as a FC mapping of the initial H,O wavefunc-
tion, with qualitative agreement with the experiments.'* It was found that
239.5-nm dissociation from these states leads to drastically different popula-
tions of the vibrational states of the OH photofragment: dissociation from
(047,0) produces less than 1% of OH (v=1), but dissociation from (137,0)
produces a fivefold excess of OH (v= 1) over OH (v =0)."®?° This is believed to
be due the fact that the (04 ,0) wavefunction extends further along the dis-
sociation coordinate than the (137,0) wavefunction, but the latter has greater
extension along the O—H stretching coordinate. In other words, the initial
vibrational excitation in the “‘spectator’” nondissociating O—H bond survives
and primarily appears as vibrational excitation in the OH fragment for dis-
sociation from (137,0). The predominance of OH (v=0) in the 239.5-nm dis-
sociation from (04,0) is consistent with the 248-nm dissociation from this state
where ~93% of the available energy is released as relative translational energy
of the nascent H+ OH fragments.>*

For 218.5-nm dissociation, the excitation by more-energetic photons leads to
regions of the excited surface nearer to the ground-state equilibrium geometry
where the FC factors between bound and dissociative states is different and
translation—vibration coupling and therefore vibrational excitation of the OH
fragment is larger (due to near-resonance VMP, see further discussion of this point
below and Figure 6.3). Thus, 218.5-nm photodissociation of (04,0) and (137,0)
produces 9% and 94% of OH (v = 1), respectively, '** and of (037,1) and (037,2)
less than 10% of v=1."" For 266 nm, no OH fragments were detected for (137,0)
dissociation and only OH (v=0) was observed for (047,0)."%%° The lack of
absorption and subsequent dissociation at 266 nm for (137,0) reflects the fact that
its wavefunction does not extend sufficiently far into the H+ OH channel to have
significant overlap with the continuum wavefunction in this case.”

VMP of lower polyads, voy =3 and 2, at 248 and 193 nm, respectively,
showed that the OH vibrational distributions deviate considerably from the

47,50



74 Chapter 6

Figure 6.3 (a) On-resonance excitation where the IR and UV photons provide suffi-
cient energy to reach the saddle point between the two H-OH and HO-H
channels on the A state PES. The excitation is in the FC region sampling
the classically allowed portion of the initial H,O vibrational wavefunction.
(b) Far off-resonance excitation where the energy of the IR and UV
photons is lower, the excitation is non-FC and the classically forbidden
wings are responsible for absorption. The internuclear distance ropy is
given in atomic units. Reprinted with permission from Ref. 47. Copyright
1999, American Institute of Physics.

above-mentioned conventional spectator model predictions, which are based
on assuming adiabatic conservation of vibrational quanta in the surviving OH
bond.

The VMP of H,O prepared in all stretching states of the voy =3 polyad,
(03%,0), (127,0), (127,0) and (037,0), was studied at 248 nm and only vibra-
tionally unexcited OH products were observed despite different levels of
vibration in the spectator OH bond [(vibrational distributions are specifically
reported for (127,0) and (037,0)].*” Under these conditions, the total photolysis
energy is ~4500 cm ! below the ~ 55900 cm ' saddle point between the two H—
OH and HO-H channels on the 4 PES, (note that the saddle point in the
multiple dimensions PES has a barrier in one particular dimension), i.e. sam-
pling is on the far off-resonance regime. Thus, FC dissociation in this case
occurs via excitation significantly into the exit channel on the upper potential
surface having a significant effect on OH product vibrational distributions and
only OH (v=0) is observed despite different levels of vibration in the spectator
OH bond. This is in contrast with near-resonance VMP studies at higher total
energies of the (137,0) state at 218.5 and 239.5 nm, accessing the FC region, for
which LM pre-excitation in the spectator OH bond was found to be adiaba-
tically conserved in the photolysis event.'*'®2%25 The present results are con-
sistent with theoretical predictions based on a simple two-dimensional quantum
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model.*” A schematic representation of on-resonance and far off-resonance
VMP is depicted in Figure 6.3.

Deviations from the spectator model were also observed in 193-nm VMP of
the vou =2 polyad [the (027,0), (027,0), (117,0), (01,2) states] that showed
significant differences in photodissociation dynamics from symmetric (+)
versus antisymmetric (—) vibrational states, specifically with respect to (OH
(v=1)/(OH (v=0) branching ratios.>® Thus, photodissociation of (117,0) and
(027,0) produced ~53% and ~37% of OH v = 1, respectively, whereas (02,0)
produced ~2% of v=1. This observation is consistent with time-dependent
wavepacket simulations'*® that predict significant differences in the photo-
dissociation dynamics of antisymmetric and symmetric states of H,O: Wave-
packets prepared from the former states are predicted to evolve initially along
the antisymmetric stretch coordinate, whereas wavepackets of the latter state
have an appreciable initial component along the symmetric stretch. This dif-
ference shows up as a 19-fs recurrence in the wavepacket autocorrelation
function, which is found for the ground vibrational state and likewise for all
symmetric states but does not occur for antisymmetric ones.'* Physically, dis-
placement on the upper surface along the symmetric stretching coordinate
corresponds to motion perpendicular to the minimum-energy path. Such
motion would predict enhanced vibrational excitation of the surviving OH
bond, in good agreement with the experimental observations.*

6.3.3 Rotational, Spin-Orbit and A-Doublet State Distributions
of the OH Photofragments

We start this section with a recapitulation of notation. A rotational state of
H,O is designated by Jg,x., Wwhere Ka and Kc are the projections of the total
angular momentum J on the a- and c-axis in the prolate and oblate symmetric
top limit of H,O. The total rotational quantum number of the OH fragment
excluding the electronic spin is designated by N. Since J= N+ 1/2 for 2H3/2(N)
and J=N—1/2 for *II, /2(]\/)66, the respective 2J+1 degeneracies of the two
spin-orbit states are 2N +2 and 2N. The A-doublet splitting of the rotational
levels of OH is due to the coupling between the rotation of the molecule and the
orbital motion of the electrons. The A-doublet states are classified according to
their symmetry in the high-N limit: 4’ designates an electronic wavefunction
that is symmetric with reflection of the spatial coordinates of the electrons in
the plane of rotation of the OH Fragment and 4” the antisymmetric case.®’
Generally, Jx. k. state-selected VMP of H,O for all initial vibrational states
that were studied revealed strong oscillations in the OH-fragment quantum-
state populations, in particular for low N, as a function of N for a single spin-
orbit/A-doublet manifold. Figure 6.4 shows nascent populations for the 2H3/2
A-doublets (the *T13, + and — superscripts in the figure designate the 4’ and 4"
A-doublets symmetries, respectively) obtained for a progression of increasingly
OH-stretch excited polyad states, (01 ,0) (027,0),(037,0), (127,0) (047,0) and
(057,0) out of Jxuxe = 000.>° The OH rotational-state populations are relatively
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Figure 6.4 Populations of *TT;(A’) (open circles) and *TT;»(4”) (closed squares) states
of OH of OH in photodissociation of different vibrational states (vog =1 to
5) of H>O in Jg,x.= 0. (The 2H3,,2+and — superscripts in the figure des-
ignate the A" and A4” A-doublets symmetries, respectively). Although the
photodissociation is probed at very different excess energies (the photolysis
wavelength was not the same in all cases), the gross features of the rotational
distributions are similar, due to the good separability of vibrational and
rotational motion. Reprinted with permission from Ref. 50. Copyright 2003,
American Institute of Physics.

insensitive to intermediate stretch vibrations of the same LM character, as is
evident in the figure. Although the excess energies for the H,O states in the
figure vary by more than a factor of 2 (the photolysis wavelength was not the
same in all cases), the N dependence of the distributions within a given spin-
orbit and A-doublet manifold remains nearly identical.

The experiments presented below and theoretical studies demonstrated that
these oscillations result from coupling between OH angular momentum states
in the exit channel. In particular, a rotational FC model projecting the initial
HOH wavefunction into asymptotic OH states was instrumental in describing
the nascent OH distributions.®® However, as shown below, FC models are not
always sufficient and it seems that additional exit-channel interactions do play a
significant role in photodissociation dynamics of H,O at the fully state-to-state
level. We note that in most cases the distributions were studied for the OH
(v=0) products. In the few cases where the distributions for OH (v=1) were
monitored, they were similar to that for OH (v =0).2*°° This indicates that the
rotational, spin-orbit and A-doublet state distributions are uncoupled from the
OH (v) vibrational state.
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6.3.3.1 Rotational Distributions

The main conclusions from the results of the experiments and calculations
presented below are that by and large, the initial vibrational stretching of the
parent or the photodissociation wavelength has little effect on the rotational
distributions, whereas the initial rotation or the bending excitation strongly
influences the product rotation.

As for (0,0,1), the rotational distribution of the OH resulting from 193-nm
photodissociation of the symmetric stretch of H,O, (1,0,0), prepared by SRE, is
oscillatory, depending on the particular rotation out of which the photo-
dissociation is promoted,” and its comparison to the FC model>*® shows
reasonable agreement. It is worth noting that the predictions of the FC theory
for VMP of water were initially applied for photolysis of selected rotational
states of H,O (0,0,1).5 Nevertheless, these calculations consider the OH rota-
tional distribution as independent of the H,O stretching motion due to the
separability of the radial and angular wavefunctions of the ground and elec-
tronically excited states and hence could be applied to other stretches as well.
Indeed, good agreement of the OH fragment rotational distribution with the
FC model was obtained also for the 218.5, 239.5 and 266 nm photolysis of
water from initial rotational states of the voy =4 manifold, (047,0) and
(137,0),'*% the 248-nm photolysis of the voy =3 manifold (but see more
details on this case below), (037,0), (12%.,0), (127,0) and (037,0)*’ and for the
193-nm photolysis of the voy =2 manifold, (027,0), (027,0), (117,0) and
(017,2) (the effect of bending in the last case is discussed below). The results of
the experiments quoted above??>1320:2847:50 indicate that the OH fragment
rotational distribution is sensitive to the initial rotational state of the parent but
not to the initial vibrational stretching state or photodissociation wavelength
applied in these experiments.

However, the rotational state distributions resulting from the ~282-nm
dissociation of the OH-stretching overtone (047,0), (057,0) and stretch—bend
combination (04*,2),36 differ from the above results for 193-nm dissociation
from the fundamental stretches and for <282-nm photodissociation from O-H
(047,0) stretch. Qualitative agreement with model FC calculation using the
theory of Ref. 60 was obtained assuming that the dissociation occurs pre-
ferentially from the extended Ry_on configuration,®® R being the separation
between the departing H atom and the OH center of mass (a Jacobi coordi-
nate). This shows that OH rotational distributions are sensitive indicators of
the bending and rotational motions of HyO(X '4,, v).

The 248-nm photolysis out of the (03%,0), (12%,0), (127,0) and (037,0)
stretches of H,O in the rotational ground state (i.e. Jx,x.=0o) yields OH
product state distributions that demonstrate remarkable insensitivity to the
initial choice of H,O vibrational stretch state, in good agreement with rota-
tional FC models. However, this simple trend is not followed uniformly for
rotationally excited H,O precursors, which indicates that these FC models are
insufficient and suggests that exit-channel interactions do play a significant role
in photodissociation dynamics of H,O at the fully state-to-state level.*’
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Photodissociation from bending vibrations in the ground electronic state samples
portions of the excited-state surface that are inaccessible from stretching vibrations
and might probe the anisotropy of the excited-state surface. The influence of initial
bending vibration on the rotational states of the OH product following the pho-
todissociation of water was theoretically and experimentally studied.*'**>> It was
found that excitation from an initial state with no bending excitation reaches only
a rather isotropic region of the excited H,O(4 'B)) state PES, but excitation from
states with excited bending vibrations reaches more anisotropic regions.

Calculations that include the anisotropy of the excited-state potential showed
that the torque exerted by the potential reduces the amount of rotational exci-
tation below that predicted in the absence of anisotropy of this state potential.
The experimental measurements of the 218.5-nm photolysis of the rotationless
state Jg k.= Ooo of the (04,0) (037,1) and (03,2) vibrations of H,O, i.e. states
having either no, one, or two quanta of bending excitation, along with four or
three quanta of stretching excitation, agree with the theoretical predictions. The
measured product rotation increases with increasing bending excitation, and the
observed rotational excitation is less than the limit for an isotropic potential.”
The effect of bending on the OH rotational distribution is also clearly demon-
strated comparing the photolysis of (027,0) and (017,2) states,”® the latter
resulting in a higher rotational excitation. However, here again, the distribution
is oscillatory and similar for the two states, despite the difference in population. It
is suggested that this behavior is consistent with a FC picture, reflecting the
approximate separability of the rotational-bending wavefunction for the H,O
intermediate state. The rotational wavefunction is predominantly responsible for
the fast oscillations, while the bending wavefunction dictates the overall shape of
the OH distribution.*® A general conclusion from the above results*'*?>-? is that
unlike stretching, bending excitation strongly influences the product rotation.

6.3.3.2 Spin-Orbit and A-Doublet Distributions

For the vop = | manifold of H,O %*32328 the population ratio between the two
spin-orbit states of the OH fragment, OH[2H3/2(N)]/[OH/2H1 (N)], was found
to be roughly equal to the ratio of their statistical weights, (N + 1)/N. However,
deviations from statistical distributions were observed for the voy =4 and 5
manifolds® (where a slight preference for *IT5 > was found for high N values, 3—
5) and for the vop=2 and 3 manifolds.*’>" At present, theoretical under-
standing of these deviations is missing.

The A-doublet splitting of the rotational levels of OH was monitored in
almost all VMP studies of H,O. For high OH rotational levels T1(A4”) pre-
ference is expected due to the conservation of the electronic symmetry in the
break up of the excited transition complex: The A 'B state of the dissociating
molecule is antisymmetric; the hydrogen atom is formed in the %S| /2 Ssymmetric
state and therefore the OH is necessarily formed in the antisymmetric A” state.
Indeed, such preference, which increased with high N, was encountered in VMP
of H,O, however, parent rotations (e.g., when VMP is conducted at room
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temperature) and complex dependence on N, often obscured this pre-
ference.>>2%:28:34.36.47.50 1y VMP of the voy =2 manifold® the T1(4”)/T1(4")
ratio was found to be insensitive to the vibrational state of H,O, in contrast to
the OH rotational energy distribution that, as mentioned above (Section
6.1.3.1), strongly depends on the parent bending state. The magnitudes and
phases of oscillations in this ratio were found to be consistent with a simple FC
separability of bending and rotational wavefunctions, the bending wavefunc-
tion influencing only the N-dependent features of the OH distribution and not
preferential formation of A-doublet states with specific symmetry.>”

6.3.4 Vector Correlations in the VMP of H,O

The above-mentioned product final-state distributions obtained in state-to-state
VMP experiments of H>O provide information concerning the PES of the ground
and electronically excited states and the bond-breaking mechanism. However, as
mentioned in Section 2.1.4, these distributions do not entirely specify the photo-
dissociation process. This is due to the anisotropy of the process in which the
polarization of the electric field, E, defines a unique direction, relative to which all
vectors describing both the parent molecule and the products can be correlated.
Consequently, accomplishing better characterization of the VMP dynamics of H,O
requires measurement and analysis of the correlations among the parent transition
dipole moment, g, the recoil velocity vector of the photofragment, v, and its angular
momentum, J. The vectorial properties in VMP of H>O (1,0,0) were studied in
detail using SRE for vibrational excitation and polarized 193-nm photons for
dissociation of specific rotational states.”*'**374! Both polarized broadband and
narrowband LIF of OH was carried out. The 35 state of H,O (1,0,0), a pure in-
plane rotation, and the 3,; + 35, + 44 state, consisting of a mixture of approximate
contributions of in-plane (mainly 414) and out-of-plane (mainly 3,; + 35,) rotations,
were prepared. The preparation of a pure out-of-plane rotation was limited by the
weakness or resolvability of relevant transitions.®® For the photodissociation of the
303 state a significant rotational alignment, p—J, was observed, Ay®=0.42+0.10
for the highest measured J, with about half of this value for the photodissociation
of the mixed rotation. In addition, for photodissociation from the 33 state the pu—v,
v—J, and p—v—J correlations were close to the expected values for an idealized
orientation of the three vectors, i.e. g of H>O is parallel to the angular momentum
of the OH photofragment and perpendicular to its velocity. These findings con-
firmed the promptness and planarity of water photodissociation and demonstrated
the instrumentality of highly specific preparation of rotations in determination of
directional properties of the photodissociation.

6.3.5 VMP of H,O as a Spectroscopic Tool

The application of VMP in vibrational spectroscopy of H>O benefits from the
high sensitivity of LIF in detecting the yield of the OH fragment as a function of
the excitation wavelength preparing the rovibrational state of the H,O parent.
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Compared to direct absorption spectroscopy, this high sensitivity is particularly
manifested in monitoring high vibrational or combination states of H,O since the
direct absorption decreases with increasing vibrational state. Moreover, when
rovibrational states are prepared by overtone—overtone double-resonance**>® or
triple-resonance laser-excitation schemes™” it allows access to very high vibra-
tional states and of different symmetry than is possible by direct absorption.
An example of the double-resonance version of VMP is presented in Figure 6.5.
In this example, rovibrational levels in the electronic ground state of H,O at the
previously inaccessible energies above 26000cm ' were measured.”® This was
achieved by first promoting H,O in a particular rotational state to an intermediate

(00%,0) J".K"'3,K"¢)

r (O-H)

Figure 6.5 Schematic energy-level diagram of the double-resonance scheme for exci-
tation of the OH stretch in H,O (photons P1 and P2 shown by solid lines),
with the subsequent electronic transition to the 4 'B; repulsive state by a
photon P3 (solid line) of 355nm for the (807,0), (80,1), and (90*,0) bands
or 532 nm for the (90",1) and (10 0,70) bands. Excitation of the (10 0*,1),
(11 0%,0), (11 07,1) and (12 07,0) bands (photons P1 and P2 shown by
dashed lines) is followed by electronic excitation by a second photon (P2a,
dashed line) of the second excitation laser. The subsequent prompt dis-
sociation is followed by LIF detection of OH fragments. The vibrational
label of the terminal state (in LM notation) is indicative only. Reprinted with
permission from Ref. 56. Copyright 2007, American Institute of Physics.
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level that contains four or five vibrational quanta in one of the OH stretches, then
promoting a fraction of these pre-excited molecules to a higher rovibrational level
containing between 8 and 12 OH-stretch quanta and between 0 and 1 quanta of
OH bend and finally dissociating the prepared molecule by a UV photon and
detecting the OH by LIF. The use of laser double-resonance overtone excitation
extended the above limit to 34200cm . The experimental data was used to
generate a semiempirical PES that allows prediction of water levels with sub-cm '
accuracy at any energy up to the above limit.*

In the triple-resonance laser-excitation scheme the dissociation energy of water
was directly measured.” H,O was excited through a series of three vibrational
overtone transitions to access directly the onset of the dissociative continuum. If the
terminal level prepared by the third excitation is below the dissociation threshold or
if the dissociation is too slow compared to the duration of the third laser pulse, the
water molecules may be further promoted to the repulsive H,O(4 'B,) state by a
second photon from the third laser, yielding OH fragments. Monitoring the OH
LIF as a function of wave number of the third laser pulse in the sequence while
keeping wave numbers of all other pulses fixed, generates a photofragment exci-
tation spectrum that reflects the absorption of the overtone transition from the
second intermediate state to the energy region near the dissociation threshold.
Based on the direct observation of the onset of absorption by the OH-stretch dis-
sociative continuum, the dissociation energy is found to be 41 145.9440.15¢cm ™",
about thirty times more accurate than the previously accepted value.>

6.4 VMP of HOD

The above results of the first state-to-state VMP experiments on H>O and the
theoretical predictions on bond selectivity in HOD, in the second (B '4; « X
'4))" and in the first absorption band (4 'B, <« X '4,),* '* motivated experi-
ments of controlling product identity vie VMP of HOD. As for H,O, most
studies were carried out for the first absorption band:

HOD(X '4,,v) + hv — HOD(A4 'B;) — OD(X’I1) + H(*S) (6.2)
— OH(XII) + D(*S) (6.3)

The photodissociation of HOD in the first absorption band was considered as a
fast and direct bond-breaking process on a single PES. Quantum-mechanical
time-independent® and time-dependent dynamics calculations” ' mostly used a
semiempirical ground-state PES®>’>"® and an ab initio A state surface.”® These
studies predicted isotopic branching ratios for the photodissociation, via two
distinguishable channels leading to eqns (6.2) and (6.3) with small energetic
differences originating from the different zero-point energies of O—-D and O-H.
The calculations showed that these ratios strongly depend on the frequency of
the dissociating photon and the vibrational state out of which the photo-
dissociation was initiated. The absorption curve of vibrationally excited HOD
is redshifted relative to that of vibrationless ground-state H,O, HOD and D-O.
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This shift is particularly important since VMP of HOD is usually carried out in
a mixture of these three species. It affords, in favorable cases, almost exclusive
production of H+OD or D+OH from vibrationally excited HOD.” '
Moreover, the calculations anticipated selective production of H+ OD even for
low vibrational excitation of OH, whereas that of D+ OH only when the
photodissociation begins from HOD (3vop) or higher O-D vibration.'®!' The
calculations led, already in 1990, to VMP experiments on HOD pre-excited to
O-H overtones, where control of the product identity vie VMP was shown for
the first time,'® and to O-H and O-D fundamentals.'®

6.4.1 VMP of HOD Pre-Excited to Fundamental OH or OD
Vibrations

Preparation of distinct initial vibrational eigenstates representing nearly pure
O-H or O-D stretches and storing of vibrational energy exclusively in one
bond or another of HOD, is a stringent test of reaction-dynamics control. VMP
experiments where two different vibrational states, O-H (~3700cm ') and O
D (~2700cm ") stretches, served as the intermediate states from which HOD
was promoted to the 4 'B; state, were reported in Refs. 16,22-24,32,39,49. In
these room-temperature experiments, SRE was applied for preparing rovi-
brationally excited HOD molecules and CARS to monitor their excitation (see
the scheme of SRE and CARS in Figure 3.3, Section 3.1.3.2). The SRE was
followed by 193-nm photodissociation via the A4 state and LIF interrogation of
the OH(OD) photofragments in attempt to understand and ultimately control
the course of this reaction.

Tuning of the Stokes laser through the Q-branch transitions of HOD (1vgy)
enabled simultanecous monitoring of the CARS spectrum (Figure 6.6(a)) and
one of the reactant yield spectra, i.e., action spectra of OD (Figure 6.6(b)) or
OH (Figure 6.6(c)). The latter spectra were monitored while keeping the
wavelength of the probe laser constant on the R,(4) line of the 4 X (v/ =0)
— X ’II(v" =0) transition of the OH or OD photofragments. Comparison of
the action spectra to the CARS spectrum shows that the photodissociation of
HOD molecules is enhanced whenever particular rotational states of the O-H
stretch are prepared. From this enhancement and from the SRE rovibrational
pumping efficiency, a ~300-fold increase in the 193-nm photodissociation cross
section of HOD (lvpy) relative to that of vibrationless ground-state water
isotopologues (25% D50, 50% HOD and 25% H,O present in the reaction
mixture) was estimated.”” Moreover, the OD fluorescence intensity was higher
than that of the OH, demonstrating that the 193-nm photodissociation of HOD
(1von) produced more OD than OH with a branching ratio of 2.540.5.

When similar measurements were conducted on HOD (lvop), a completely
different behavior was encountered. Even though the CARS signal (Figure
6.6(d)), monitored when the SRE was tuned through the rotational levels of the
HOD (1vop), seemed to be of almost similar intensity to that of 1voy, neither the
fluorescence of OD (Figure 6.6(¢)) or OH (Figure 6.6(f)) was enhanced. These
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Figure 6.6 Spectra obtained in VMP of HOD (v'ou=1) (left panel) and ('op=1)
(right panel) pre-excited by SRE and dissociated at 193 nm. The Stokes beam
was scanned across the rotational levels of v/ = 1 and vV/op = 1: (a) and (d)
respective CARS signals; (b) and (e) LIF of the R,(4) line of A(v' =0) «
X(v" =0) transition of the OD photofragments, and (c) and (f) of the OH
photofragments. The intensity scales in (b) and (c) are similar. The numbers
above the peaks mark the Q-branch rotational transitions monitored
by CARS, assigned in Table I of Ref. 22. Reprinted with permission from
Ref. 22. Copyright 1991, American Institute of Physics.

measurements clearly demonstrate that excitation of even the lowest vibrational
level of HOD has a dramatic effect on the photodissociation cross section. This
agrees with the theoretical predictions” ' that the FC effects are the source of
both the difference in photodissociation behavior of HOD (1voy) and (1vpop) and
the selectivity in bond breaking of HOD (lvoy). The enhancement of the pho-
todissociation cross section of HOD (1vgy) is the result of a much better overlap
of the dissociative continuum with the 1vgy vibrational wavefunction than with
either the vibrationless ground state or 1vop. Although the vibrational excitation
of the OD stretch in HOD (lvgp) gives the O—-D bond an initial “push” in the
direction of the dissociation coordinate to OH + D, the unfavorable FC factor
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precludes the enhancement of the dissociation. In contrast, in HOD (1voy) the
favorable FC factors enabled the additional energy along the OD + H dissociation
coordinate to be very effective at enhancing the dissociation. Thus, these factors
were the source of bond selectivity in the fragmentation of HOD (1vgyy), owing to
the better FC overlap of the prepared wavefunction with the OD + H continuum
than with the OH+D continuum.’ '"** This VMP study, where two distinct
states with a single quantum of vibrational excitation were prepared, confirmed
that it is not enough to weaken the bond to be cleaved to obtain bond selectivity,
but rather a preferential FC overlap of the vibrational wavefunction with the
corresponding channel on the dissociative excited state is essential.

6.4.2 VMP of HOD Pre-Excited to OH Overtones

Realization of much larger selectivity than for HOD (1voy) was obtained in the
VMP experiments on HOD from states containing four!>!7-18:21:25.30.43.45 .
five O-H quanta.*® These experiments showed large enhancement of OD over
OH or comparable amounts of the two, depending on the UV photon promo-
ting the photodissociation.

VMP of 4voy photolyzed by 266-nm*"*** photons formed at least 15-fold
excess of OD, preferentially cleaving the O-H bond; similar behavior was
encountered in the 239.5-nm>"** and 248-nm>®* photodissociation of 4voyy, but
this behavior changed dramatically for a still more-energetic photon of 218.5
nm producing comparable amounts of OD and OH.*"*** These illuminating
results are depicted in Figure 6.7.

Wavepacket-propagation calculations clarified the origin of the selectivity
and its energy dependence in the VMP of HOD (4vop).”"* As indicated in
Figure 6.8, the accessible regions on the upper electronic states are the keys to
the dramatic change in the branching ratios for the different wavelengths. The
two longer wavelengths (266 and 239.5 nm, the latter is alluded to in the figure)
photons connect the 4voy vibrationally excited state to the electronically
excited state in regions well out in the exit channel for breaking the O—H bond,
and the total energy is below the saddle point separating the OD + H and the
OH + D channels. In contrast, for the shortest wavelength either bond is bro-
ken since the energy is above the saddle point.*'*

A dominant OD+H channel was also apparent in the 288-nm photo-
dissociation of rotationally state-selected HOD in the fourth and third O-H
stretching overtones, with a OD+H/OH + D ratio of >23 for the higher
overtone and > 12 for the lower.* The reason for the decrease in the branching
ratio with decreasing parent OH-stretch excitation can be understood from
Figure 6.9 (in particular in the inset). Excitation from Svoy to the A state
should occur from near the maximum amplitude of the vibrational wave-
function, close to the outer classical turning point. In contrast, excitation from
4voy should occur preferentially from a classically forbidden region of the
bound-state potential, where the vibrational wavefunction drops off exponen-
tially from a peak close to the classical turning point.
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Figure 6.7 LIF excitation spectra of the OH and OD products of VMP of HOD. The
vibrational excitation laser wavelength (4;) excites four quanta of O-H
stretch (4voy) in HOD, the photolysis-laser wavelength (/,) dissociates the
molecule, and the probe-laser wavelength (43) detects either OH or OD
fragments. The arrows mark the wavelengths for the LIF excitation of the
OH or OD fragments. The three spectra from top to bottom are for pho-
tolysis with A, =266, 239.5, and 218.52 nm, respectively. Reprinted with
permission from Ref. 21. Copyright 1991, American Institute of Physics.

Figure 6.9 presents all VMP experiments in HOD where the OH stretch was
pre-excited. Note that the 288-nm photodissociation of HOD from 4voy and
Svon provides ~8000 and ~11000cm ™' excess energy, respectively, for parti-
tioning into the photofragments.** This is considerably lower than that provided
in the 218.5, 239.5 and 266 nm,' and 248 nm>®* experiments on HOD (4voy) and
the 193-nm experiments on HOD (lvoy).>> Simple energy-conservation argu-
ments suggest that excitation to the A state surface in the 288-nm experiments
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Figure 6.8 (a) Contour plot of [(04,0)]*. (b) Contour plot of the A state PES of HOD
for a bending angle of 104°. The internuclear distances Roy and Rop are
given in atomic units. The energy contours are in eV, with E=0 corre-
sponding to H+ O+ D, and a spacing of 0.25¢V. The thick line indicates
the ridge on the A PES and the heavy dot marks the saddle point. The
contour denoted by a dashed line (---) marks the excitation energy of the
(04,0) state (the 4voy stretch) of HOD at A, =238.5 nm and bzy a dot-dashed
line (- - -) at 218.5 nm. Superimposed are contours of [1(04,0)]” where y is the
A « X transition dipole moment. Note the nodal structure of the vibra-
tional wavefunctions and the decrease of the transition moment with
increasing H-OD distance. Reprinted with permission from Ref. 21.
Copyright 1991, American Institute of Physics.

should occur preferentially from larger Ry_op internuclear separations of the
ground state than in the other experiments. The total energy for the 288-nm
VMP is, like that for 266, 239.5 and 193 nm, below the saddle point separating
the OD+ H and the OH + D channels.

The rotational distributions of the OD fragments from the 288-nm VMP of
HOD 4voy and Svoy was measured and accounted for by a modified FC
model.** The FC calculations suggest that the OD photofragment rotational
state distributions reflect primarily the rotational and zero-point bending
motions in the selected rovibrational state of HOD. However, in contrast to the
state-selected photodissociation of H>O, the OD rotational distributions from
HOD also reveal the influence of a small exit-channel torque, which is enhanced
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Figure 6.9 A plot of HOD ground-state potential and the A state potential against
the dissociation coordinate Ry_op. Excitation to the excited-state
potential at 288 nm™* should preferentially occur from the more extended
H-OD configuration than at 266, 239.5 and 218.5nm?!' or at 193 nm.?
The line for 248-nm 4voy dissociation,*® that should be squeezed between
the 239.5 and 266 nm lines, is not shown in the drawing. Reprinted with
permission from Ref. 45. Copyright 1997, American Institute of Physics.

in the photodissociation of the deuterated molecule by the shift in the OD
center-of-mass relative to that in OH.

To conclude this section, an additional point should be raised concerning the
agreement between the measured (OD + H)/(OH + D) branching ratios and the
calculations. In the VMP studies of 4voy and 5vou"* and in the 157-nm
photolysis of ground-state HOD® the agreement was very good. However, in
the 193-nm photodissociation of Ivor? and 3vop (see below)* and ground-
state HOD,* the measured ratio were smaller than expected, with less-satis-
fying agreement. It was suggested that another mechanism, which primarily
affects the photodissociation in the long-wavelength region of the first
absorption band of water, has to be considered.**”® A possible mechanism may
be related to contributions to the photodissociation in the long-wavelength
region, i.e., non-FC region, from both the singlet, A B, state and a lowest
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triplet PES, *B,.**7 This indicates that even the photolysis of the benchmark
molecule is not yet fully understood, in the red tail region of the absorption,
and points to the importance of the interplay between theory and experiment to
gain a better understanding of this subject.

6.4.3 VMP of HOD Pre-Excited to OD Overtones

As mentioned above, fragmentation to OH + D is not easily achieved, but can
be accomplished after preparation of HOD (3vpp) or higher O-D vibration
before the addition of the UV photon.lo‘11 Indeed, in direct excitation of 3vop
by the Raman-shifted output of a dye laser, around 7960 cm ", followed by
193-nm photodissociation and LIF detection of OH or OD, bond cleavage in
favor of the OH+D channel was observed, with a (OH+D)/(OD+H)
branching ratio of 2.6 £0.5.% Here also, the origin of the selectivity is the
favorable FC overlap that enables the additional rovibrational energy to
effectively enhance the dissociation and particularly to be channeled along the
OH + D channel. It is worth noting that the observed ratios for photolysis of
both HOD (1voy) and HOD (3vop) agree only qualitatively with the calculated
ones 2~ 11:22:40

Furthermore, (OH + D)/(OD + H) branching ratio > 12 was detected from
vibrationally excited HOD in the Svop state, photolyzed at 243.1 nm.>* Unlike
most of the previous studies of VMP of water isotopologues cited above, where
the molecular photofragments where detected by LIF, the branching ratio was
determined here by monitoring the H or D atomic photofragments utilizing
(2 +1) REMPI at ~243.1nm. While the D atom could be monitored, the
H-atom REMPI signal was too weak to be detected. The present experiment
was the first observation of highly selective OD dissociation of HOD with
almost complete selectivity. The observed high selectivity could be explained
from the spatial distribution of the vibrational wavefunction and the energetics
as shown in Figure 6.10 and explained in the figure caption. Time-dependent
wavepacket calculations indicated that highly selective OD dissociation is
achieved by limiting E\.., the total excitation energy, to less than Eg,qq41e, the
energy gap between the vibrational ground state in the X state and the saddle
point on the A state PES, and due to the strong LM character of the Svop
state.>

Additional observations in the present experiment are the recoil velocity and
angular distribution of the ejected D atom that were roughly evaluated by
analyzing the line shape of the D-atom REMPI spectrum. The analysis indi-
cated two features of the ejected D atom: strong anisotropy and large velocity.
From these features it is concluded that the OD dissociation occurs with the
lifetime of photoexcited HOD in the A state being much shorter than the
rotational period of ~300fs and that 0.95 of the excess energy is used as
translational energy between the D and OH fragments.

At the end of our presentation of the VMP of HOD, it is worth mentioning
some of the theoretical studies on VMP of HOD utilizing IR-UV fs shaped
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Figure 6.10 (a) Schematic diagram for 243.1-nm photolysis of HOD in the Svop state.>
Completely selective OD dissociation is expected since the A state is ener-
getically accessible only at the large OD distance (shaded area). Eyo is
the total excitation energy given by NIR + UV absorption and Eg,qq;c i the
energy gap between vibrational ground state in the X state and the saddle
point on the A4 state PES. (b) Schematic diagram for 193-nm photolysis of
HOD in the 3vop state.** The FC region covers over the saddle point on the
A state PES (shaded area) because of Ei. being larger than Eg,gq.. Thus,
the OH dissociation possibly proceeds in addition to the OD dissociation.
Reprinted with permission from Ref. 52. Copyright 2005, American
Institute of Physics.

laser pulses (although they are beyond the scope of this monograph) where
control of the OH/OD branching ratio was shown.?®*®333% It was suggested
that preferential O-D bond breaking in VMP of HOD (1vgp) and (2vop) could
be achieved by applying shaped fs-laser pulses.>*>*
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6.5 VMP of D,O

Measurements of VMP of D,O were reported only in one publication.®
Rovibrationally excited D,O in the (037,0) state was prepared by IR excitation
at ~7900cm ' using the Raman-shifted output of a tunable dyes laser. It was
then photolyzed via the A4 'B, state by 193-nm photons and the OD fragment
detected by LIF. The ~1¢eV vibrational excitation of D>O led to a five orders
of magnitude increase in the absorption cross section as compared to 193-nm
photolysis of vibrationless D>O, and the subsequent photolysis produced OD
with (v=1)/(v=0)=0.39+0.07. Based on energy considerations, the sig-
nificant population of OD (v=1), 28%, in the VMP of D,O can be compared
to the 218.5-nm VMP of the (04 ,0) state of H,O discussed above (Section
6.3.2), where 9% of OH (v=1) is produced.'®?° The excess energy in the
photolysis (the combined energies of the vibrational overtone and photolysis
photon minus the bond dissociation energy) of D,O, ~18470cm ™", is close to
that in the comparable photolysis of H,O, ~18380cm '. In both cases this
behavior is consistent with the picture presented above (6.3.2) that the more-
energetic photons excite the molecule from the initially prepared vibrational
state to regions of the excited PES nearer to the ground-state equilibrium
geometry where the translation—vibration coupling is larger. Apparently, there
is a better coupling in the D,O case.
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CHAPTER 7

VMP of Tetratomic Molecules

The VMP theories and experiments of tetratomic molecules are obviously
more complex than those for triatomics. The additional atom adds additional
degrees of freedom that complicate both theory and experiment. Moreover,
due to the additional degrees of freedom, IVR is expected to obscure mode
selectivity. In contrast to the triatomic water molecule, where detailed calcula-
tions predicted selectivity, similar predictions were not available prior to
VMP experiments on tetratomic molecules. Nevertheless, mode selectivity has
been observed in several of these molecules. Extensive state-to-state VMP stu-
dies were carried out on three species, described in the next three sections in
order of increasing complexity of the system: acetylene isotopologues, ammo-
nia isotopologues and isocyanic acid. These sections are followed by a section
on other tetratomic molecules, hydrogen peroxide isotopologues, nitrous acid
and hydrazoic acid, where VMP was studied but mode-selective or bond-
selective dissociation was not experimentally observed.

7.1 VMP of Acetylene Isotopologues

7.1.1 Spectral and Dynamical Features of Acetylene Relevant to
VMP

VMP of the acetylene isotopologues CoH, and C,HD was studied at total
(vibrational plus electronic) excitation energies in the range of ~51000-
57000cm~".""'* At these energies acetylene can be photodissociated via exci-
tation to the first and second singlet states:

CaHa (X 15, v) 4w — CoHa(4 ' 4, or B'B,)
— CH(A M) + HES) (7.1)
— GH(X ") + H(S) (7.2)
where similar VMP schemes apply for C,;HD(X'Z™, v).
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The linear, centrosymmetric structure of the ground electronic state of C,H,,
as well as that of the nonsymmetric C,HD, is deceptively simple. Despite the
extensive attention these species have received, their photophysical and pho-
tochemical properties are still not completely understood. The complicated
spectra and dynamics are reviewed in Ref. 1, which is an authoritative summary
of the vast amount of work that has been conducted on these subjects.
Nevertheless, VMP of acetylene seems to be a good starting point to study
VMP of tetratomic molecules since in addition to being linear in its ground
electronic state, it contains a triple “‘rigid”” bond between the carbon atoms that
may hinder energy transfer between different vibrational modes that are
separated by the C=C moiety. Indeed, extensive VMP studies of both C,H, and
C,HD were carried out.” '

The linear, tetratomic (N =4) structure of acetylene gives rise to 3N —5)=7
NMs of vibration. The modes of the X 12g+ ground electronic state of C,H,
are'” the symmetric vi(c, ) = 3374 cm ™' and antisymmetric v3(c,, ) = 3289 cm '
CH stretches, the vz(sg) =1974cm ™! CC stretch, the Va(mg) =612 em™! trans-
bend and the vs(m,)=730cm ' cis-bend; the respective values for
C,HD(X'Z™) are the v,(c*)=3336cm ™' CH stretch, the vy(c*)=2584cm ™'
CD stretch, the vo(c*)=1854cm ™" CC stretch, the vy(m)=518cm ™' CH bend
and the vs(m)=678cm ™' CD bend. Each of the bending modes v, and vs is
doubly degenerate with respective vibrational angular momentum quantum
numbers /; and /5. The 6 NMs of the srans-bend A 'A, state of C,H, are'! the
symmetric v;(ay) = 2880 cm ™' CH stretch, the va(ag) = 1387 em ' CC stretch,
the vi(ag) = 1048 em™! trans-bend, the vy(a,)=765cm™" torsion, the vs(by)
=2857cm ™" antisymmetric stretch and the ve(b,) =768 cm ™' cis-bend.

Many studies of acetylene focused on the excited vibrational states of the X
state due to their simplicity and since they represent features relevant to
vibrational dynamics in larger systems.''®!7 This state possesses a vibrational
density of states growing relatively slowly with energy, leading to fully resolved
spectra up to chemically interesting levels of vibrational excitation, E.,
<20000cm ™', which is well above the ~15000cm ™! barrier to a bond-
breaking isomerization between acetylene and vinylidene, H,CC.'® The
stretching and bending frequencies of the C—H oscillators occur approximately
with a 5:1 ratio, leading to a weaker coupling to the rest of the molecule than in
other hydrides (e.g., H,O) where this ratio is about 2:1. The monodeuterated
acetylene isotopologue, C,HD, is particularly interesting, representing an
almost unperturbed energy pattern of vibrational levels,'® 2" since pairs of
levels involving C—H and C-D stretches lie energetically rather far apart,
reducing the effect of couplings.

The spectroscopy of the excited electronic states of acetylene and its
dissociation mechanism®® * has been extensively studied. These studies indi-
cated that whereas its ground state is linear, the first two excited singlet states
(A '4, and B 'B,) have planar rrans-bent configurations. The A4 « X
and B « X partially overlapping absorption bands exhibit long vibrational
progressions in v3' (the excited state frans-bending mode) in the 190-240 and
155-200 nm wavelength regions, respectively. In addition, it was found that

21-24
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both states correlate adiabatically with excited CoH and ground-state H
[(C,H(A °TI) + H(*S)].>">** However, the adiabatic surface has a barrier that
inhibits C,H(4 °IT) production and consequently enables predissociation to
the ground-state products C,H(X *L ™)+ H(>S). The latter process is non-
adiabatic and may evolve via intersystem crossing of CoH,(4 '4,) to near-
resonant triplet states and/or internal conversion (IC) to high-lying vibrational
levels of the ground state. The general belief is that intersystem crossing
represents the dominant coupling out of the 4 state in the near-threshold
energy range 252628293138

Consideration of the above-mentioned characteristics suggests that disposal
of vibrational excitation in specific modes of C,H, or C;HD might provide
different starting points for photodissociation than does the photodissociation
of vibrationless reactants. This can reveal entirely different aspects of the state-
to-state dynamics and shed new light on this interesting molecular system.
Furthermore, the possibility of obtaining isotopic selectivity in the photo-
fragmentation of C;HD may provide information concerning the nature of the
prepared vibrational states and the exit-channel interactions governing the
bond breaking on the initially excited bound state.

We note that as in water, the high overtones of C,H, and CoHD may be
better described in a LM presentation.*” However, since in all VMP studies
NMs presentation is used, we will adopt the latter. The zero-order basis states
for the vibrational levels in the X state are labelled as (V, V> V3V4*V5") where
V; designates the number of vibrational quanta in each of the NMs (i=1-5),
the /4 and /5 superscripts represent the vibrational angular momentum quantum
numbers of the respective (degenerate) bending modes and /;+/5=/ the
resultant angular momentum number.! The vibrational states for /=0,1,2, . . .
are designated by X, I, A, . . .

7.1.2 VMP of C,H,

VMP of C,H, was carried out from vibrational levels in the X state with
energies around that of 1vep, ! 3ven.” ' dvep®!® and Svey®® stretchings.
Depending on the combined vibrational plus electronic energy, the molecule
could be promoted to the 4 or B states, both correlating adiabatically with
C,H(A)+H with an asymptote value of ~49 690cm~'.*>** However, the
adiabatic connection to C,H(A4) involves a barrier of ~ 52 260cm™"',**** con-
fining the efficient production of C,H(A) and consequently leading to the
competing excited-state decay process, explicitly (nonadiabatically) to C,H
(X 22 ")+ H with a threshold of ~46 540 cm ™" (schematics of the correlations is
depicted in Figure 7.5). The experiments and analysis of “adiabatic” and
“nonadiabatic” VMP of C,H, are presented in the following two subsections,
respectively. The titles of the subsections do not indicate that the processes in
the respective cases are exclusively adiabatic or nonadiabatic, but rather that
the combined photodissociation energy is above or below the ~52260cm ™'



VMP of Tetratomic Molecules 97

barrier. We note that on the basis of lifetime measurements of CoH,(A) it was
suggested that the barrier is around ~51100cm ™' (the lifetime became longer
at and above this energy) '' However, the calculated ~ 52260 cm ™" barrier and
the experiment on VMP of C,H, 4vcy described in the next section strongly
favors the higher value. At any rate, the classification of the following sub-
sections is valid also for the lower value.

It is noteworthy that it was shown that large nuclear polarizations in isolated
C,H, (and other molecules) may be created via the hyperfine interaction fol-
lowing excitation to selected rovibrational states |v,JM).*** Photodissociation
of vibrationless as well as vibrationally excited polarized C,H, allows the
production of polarized H atoms.

7.1.2.1 Adiabatic VMP of C>H,

(a) The 4vcy Region. In the first VMP study of C,H,, expansion-cooled
acetylene was excited to a single rotational state in the v; + 3v; vibrational level
(4 CH stretches) and then photodissociated at 248.3 nm.> The HRTOF tech-
nique was applied to the H photofragments, excited by sequential absorption of
121.6-nm and 366-nm photons, to obtain center-of-mass translational-energy
distributions and from that the yields of C,H(4) and C,H(X). These dis-
tributions were compared to those from one-photon 193.3-nm photodissocia-
tion. As shown in Figure 7.1, the dominant product channel in the VMP
experiment (a) was CoH(A)+ H, differing markedly from the 193.3-nm pho-
todissociation (b), which provided ~1220cm™" less energy and yielded pri-
marily C,H(X)+ H.

In the 248.3-nm photodissociation of (v;+3v;) the combined energy
(~52950cm™") just exceeds the above-mentioned calculated barrier on the
C,H, A state (the B state is inaccessible at this energy), while in the 193.3-nm
dissociation it is just below it. The obvious interpretation of the dominance of
C,H(A) in the VMP experiment is thus that overcoming the barrier due to the
excess energy leads to the adiabatic C,H(A)+H channel. Another interpreta-
tion is that moving of the FC region due to the vibrational excitation may result
in suppressing the nonadiabatic C,H(X)+ H channel.?

A different issue, the comparison of VMP for different vibrational levels in
the 4vcyy region,'® is presented in subsection (d) below.

(b) Comparison of VMP for Different Vibrational Levels in the Svcy Region.
Extensive VMP studies were conducted in a pulsed molecular beam of C,H,
in the 5vey region (at 15480-15720cm™") where excitations, by VIS pho-
tons, of different bands were compared. 4% The vibrationally excited C,H,
was promoted by ~243.1-nm photons to the excited electronic trans-bent
states A/B and dissociated. These UV photons also interrogated the H frag-
ments via (2+1) REMPI, enabling generation of action spectra, H Doppler
profiles and TOFMS. The vibrational excitation to Svcy was carried out
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Figure 7.1 Center-of-mass translational-energy distribution and assignments of C,H
product states for a) IR (v; + 3v3) plus 248.3nm and b) 193.3-nm photo-
dissociation of C>H,. C,H(A) is dominant in (a) and C,H(X) in (b).
The comb lines indicate peaks in rotational distributions of C,H in both
states. Reprinted with permission from Ref. 2. Copyright 1995, American
Institute of Physics.
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from both the ground and excited vibrational states. The excitation and
detection scheme is depicted in Figure 7.2.

A representative action spectrum obtained in VMP of C,H, (1410°2%),
(2030°0°%) and (2031'0°) is displayed in the lower trace of Figure 7.3. The
(2030°0°) band comprises excitation of five quanta of C—H stretching, while the
combination bands include C—H stretch or C—H plus C=C stretch excitation as
well as bending. The spectra of the (1410°2°) and (2030°0%) bands are char-
acterized by X, —Zg transitions including P- and R-branches with intensity
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Figure 7.2 Schematics of the VMP experiments in C,H, in the Svey region. VIS
wavelengths are applied for vibrational excitation and uv for the sub-
sequent promotion to the excited electronic states A '4, /B 'B,. The UV
photons are also used to detect the H photofragments by (2 +1) REMPI.
Note that the ground electronic state is linear, whereas the 4 and B states
have planar trans-bent configurations. The inset shows the 2+7Z; and
IT,~T1, vibrational transitions and the frequencies used for the first step of

excitation. Reprinted with permission from Ref. 6. Copyright 1998,
American Institute of Physics.
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Figure 7.3 Vibrational overtone excitation spectra of the CoH, (1410°2°) «
(0000°0%), (2030°0%) « (0000°0°%) and (2031'0°% « (0001'0°%) transitions.
The simulated absorption spectrum a) was calculated using rovibrational
parameters from Refs, 41-44, nuclear spin degeneracies and the Boltz-
mann distribution at a rotational temperature of 80 K. The action spec-
trum b) presents the (2+ 1) REMPI intensities of the H photofragments
owing to 243.135-nm photolysis as a function of the visible wavelength
applied for vibrational excitation. x50 and x16 are the factors used to
scale up the simulated absorption intensities of the (1410°2°) and (2031'0%)
bands relative to that of ((2030°0°)), respectively. The numbers above the
peaks in the simulated spectrum assign the rotational levels of the vibra-
tional ground-state C,H,. Reprinted with permission from Ref. 6.
Copyright 1998, American Institute of Physics.

alternation of 3:1 (J”=odd : J’=even) due to nuclear spin statistics. The
spectrum of the (2031'0°) band is typical of a IT, — I, transition and consists of
an unresolved Q-branch in addition to the P- and R-branches. The upper trace
of Figure 7.3 shows a simulated vibrational spectrum, based on the rotational
constants,*' ** the nuclear spin degeneracies and the Boltzmann distribution at
a rotational temperature of 80 K. The C,H, rotational temperature was esti-
mated from the characteristic rotational contour obtained in the action spec-
trum. Due to the presence of the hot-band transition [(2031'0%) « (0001'0%)] in
the action spectrum, it was assumed that the vibrational temperature was
higher than the rotational and that no vibrational relaxation occurred, i.e.,
Tyi, =300 K.

As can obviously be seen, the intensities of the combination bands are far
more prominent in the action than in the simulated spectra. The measured
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integrated intensity of the (2030°0°) « (0000°0°) transition is only about twice
that of (1410°2°) « (0000°0°) and even less for the other band. This contrasts
with the behavior encountered in absorption spectroscopy, where only the C-H
stretch overtone transition was observed (due to poor sensitivity),*® or was
much more intense than the combination bands.*' ** These observations
manifest the difference between vibrational absorption and action spectra.
Relying on the absorption spectra,** ** it was estimated that the [(2031'0%) «
(0001'0%)] : [(2030°0%) « (0000°0%)] intensity ratio was given by the [(0001'0°) :
(0000°0°)] population ratio, e.g., ~4.5% at 300 K. The absorption intensity of
[(1410°2°%) « (0000°0%)] relative to [(2030°0°%) « (0000°0%)] was even lower and
roughly estimated as ~1%.

The dramatic difference in intensity ratios between the bands in the
absorption and action spectra demonstrates their character. As shown in Sec-
tion 2.1.2.2, in rovibrational absorption spectra the band intensities depend on
the transition strength to the prepared vibrational state, while the action
spectra depend, in addition, on the transition probability from the prepared
state to the electronically excited states and possibly on the channels for pho-
todissociation. Therefore, the enhanced action spectra of the (1410°2°) and
(2031'0%) bands, which include bends, is related to a preferred transition
probability from the prepared state to the upper bent electronic states, B or A.
From the above-mentioned experimental results, the roughly estimated
enhancement factors are 50 and 16 for excitation from the (1410°2°) and
(2031'0°) states, relative to that from the (2030°0°) state, to the upper electronic
states. Hence, energizing combination bands that include bending and parti-
cularly cis-bend resulted in vibrational wavefunctions on the ground state that
improve the overlap with the dissociative wavefunction and drives the photo-
dissociation more effectively than from a state containing mainly C—H stretch.
This is supported by the ab initio calculation®>** that indicates the occurrence
of adiabatic isomerization between the frans (more stable) structure and cis-
isomer, from which the photodissociation takes place. Thus, bending excitation
of the C=C-H moiety contributes to the enhancement of the FC factor for the
B'B,JA'4, < X 'E, excitation that dissociates the molecule.

From the translational energy of the H photofragments, calculated from
their Doppler profiles, it was concluded that the photodissociation of the dif-
ferent bands that mainly exhibit a regular rotational contour, occurs mostly
through the C,H(A)+ H channel. However, the C,H(X)+ H channel, due to
intersystem crossing or IC, could not be ruled out.®

(c) Rotational Effects in the Svcy Region. As can be noticed in Figure 7.3
from the comparison of the action spectra to the simulated spectra, the posi-
tions of the rotational lines in both spectra are the same, whereas the inten-
sities are not. Most of the rotational transitions to the (1410°2%) and
(2030°0°%) states follow the intensities of the rotational contours depicted in
the simulated spectra, representing a regular behavior, but the R(13) and
R(23) transitions to the (2030°0%) state, clearly marked in Figure 7.4, and
several transitions to the (2031'0%) state are more prominent than in the
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Figure 7.4 Vibrational overtone excitation spectra of the C,H, (1410°2°) «
(0000°0%), (2030°0%) « (0000°0°% and (2031'0%) « (0001'0% transitions.
The R(13) line is the strongest in the H-REMPI spectrum. The prominent
R(23) and P(25) lines that share the same upper J' are marked. The
simulated absorption spectrum a) was calculated using rovibrational
parameters from Refs. 41-44, nuclear spin degeneracies and the Boltz-
mann distribution at a rotational temperature of 180 K. The action spec-
trum b) presents the (2+ 1) REMPI intensities of the H photofragments
owing to 243.135-nm photolysis as a function of the visible wavelength
applied for vibrational excitation. As in Figure 7.3, the simulated
absorption intensities of the (1410°2%) and (2031'0°) bands are scaled up
x50 and x16 relative to that of ((2030°0%), respectively. The numbers
above the peaks in the simulated spectrum assign the rotational levels
of the vibrational ground state C,H,. Reprinted with permission from
Ref. 6. Copyright 1998, American Institute of Physics.

simulated spectra. Moreover, as shown in Figure 7.4, when the action spectra
were monitored at a higher rotational temperature, i.e. 180 K,*® the inten-
sities of the above-mentioned rotational transitions as well as that of P(25)
of the (2030°0°) band were greatly enhanced. This behavior points to two
kinds of irregularities: in the first one, both R(23) and its counterpart P(25),
terminating at the same upper level (J'=24), are enhanced; in the second
one only R(13), and not its P(15) counterpart that terminates at the same
upper level (J'=14), shows anomalous high intensity. In addition, it was
noticed* ® that the yield of the H atom in photodissociation via both R(13)
and R(3) (a regular transition) shows a linear intensity dependence on the
VIS excitation energy, with a two times larger slope for the former. The
results indicate single-photon absorption in the VIS stage, but higher overall
absorption cross section for R(13) than for regular transitions. Moreover, for
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the R(13) transition the Doppler profile is broader and the fragmentation
pattern in the TOF spectrum is different, with a more pronounced C5 signal
than for regular transitions.* ® These observations are interpreted below.

Two different types of accidental double-coincidence resonances, capable of
enhancing the two types of anomalously intense lines, were ascribed for the
irregular rotations.*® The suggested mechanism for the R(23) and P(25)
transitions that show anomalous intensity and share the same upper J' is that of
coupling between specific rotational levels of the upper vibrational state and
energetically close-lying zero-order states. Presumably, these states (near
J'=24) are dark zero-order states that carry no oscillator strength from the
ground state, but enhance the signal in the electronic excitation step due to
better FC factors. The involved dark states are assumed to contain bends and
C=C stretches possessing a better FC overlap with the bent upper state. This
agrees with the above discussion about the large variation in signal intensity
when preparing combination bands vs. C—H stretch overtone and also with the
observed H Doppler profile and the fragmentation pattern.* ®

As for the “lonely” R(13) transition, excitation of an additional weak
overlapping transition, by the VIS photon, was proposed.*® This transition
(like others in CoH,** *) is too weak to be observed in absorption, but shows
up strongly via the subsequent UV electronic excitation and hence is observed
in the action spectrum. The weak VIS transition is, possibly, to the (0509'17")
state.** *+474 This state contains nine quanta of rrans-bend excitation and
therefore expected to increase the FC factor for the UV excitation and to lead
to higher intensity in the action spectrum. Since the VIS excitation of acetylene
is in the 15600 cm ™' region to a level containing so many bending quanta, the
possibility of mixing-in vinylidene (isomer of acetylene) could also be sug-
gested.* ® The weak VIS transition is followed, probably, by two UV photons
that could be absorbed through an accidental double-coincidence resonance
and differ from that of regular transitions where only one UV photon is
absorbed. Due to the two-UV-photon absorption a sequential elimination of
two H atoms or a synchronous C-H bond cleavage was inferred, favoring C5°
generation. This assumption is supported by the high intensity of the C5
fragment in the TOF spectrum and by the broader H Doppler profile.*®

(d) Comparison of VMP for Different Vibrational Levels in the 4vcy Region.
Comparison of VMP for excitation of different vibrational levels was carried
out also in the 4vcy region of C,H,,'" at somewhat higher total energy than
the experiment reported above for v, + 3v; excitation.” Rovibrational excita-
tion combined with ~243.1-nm promotion of C,H, to the upper electronic
trans-bent states, A/B, and H photofragment ionization-generated action spec-
tra measuring the H yield as a function of the excitation wavelength. Similar
to the above results for the Svcy region, the experiment in the 4vey region
showed that the (1030°0% IR bright state of the third C—H stretch overtone
has a smaller photodissociation cross section than the (1214°0°) combination
band. The latter contains frans-bend mode excitation, which enhances the FC
factor for its excitation. Certain rotational line pairs, R(J” — 1) and P(J'+1),
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originating from the (0000°0°) state and accessing the same (high) J levels of
the (1030°0°) state, showed anomalous intensities in the action spectrum.
Also, the P transitions were excessively enhanced over the R transitions and,
at least in one case, splitting of a P line was observed. The enhanced dissocia-
tion efficacy was interpreted as a consequence of Coriolis-type local reso-
nances due, in particular, to overlap of the P transitions with those of nearby
transitions of another band.'’

(e) The 1vcy Region. To conclude the description of the studies on adiabatic
VMP of C,H, we allude to the study of the 197-212 nm photodissociation of
acetylene from the v; stretch at a combined energy of up to 53500cm "M
From the kinetic energy of the H photofragment it was concluded that, as in
other experiments, when photodissociation is carried out above the barrier for
adiabatic process, the main dissociation channel is C,H(A)+ H.

7.1.2.2 Nonadiabatic VMP of C>H,

Nonadiabatic VMP of C,H, is anticipated when the combined photo-
dissociation energy is below the ~52260cm ™" barrier for adiabatic dissocia-
tion to C,H(A *IT)+ H(’S). VMP experiments that fulfill this condition were
carried out for C>H, prepared in the 3vcy region and photodissociated by
~243-nm photons, the combined energy being ~ 50 800 cm~"'.%!>13

For this energy, bound states on the CoH,(A 1Au) PES were reached, rather
than the repulsive region (see Figure 7.5) and it was possible to monitor rovi-
bronic levels of the A4 state. To this end three lasers were applied, one for
vibrational excitation of CoH,(X ]Zg), one for electronic excitation and one for
monitoring the H photofragments by (2+ 1) REMPI (the excitations by these
lasers are designated as NIR, UV, and UV,, respectively, in Figure 7.5). The
application of three lasers enabled UV action spectra to be obtained by scan-
ning UV, across 4 « X rovibronic transitions, while parking the NIR and UV,
wavelengths on a specific rovibrational transition of CoH, and on the REMPI
transition of H, respectively. NIR action spectra were also studied, using two
lasers: NIR for scanning across the rovibrational transitions and UV at
243.135nm for both 4 « X excitation and H atom REMPI. In addition, H
Doppler profiles were monitored by fixing the NIR and UV, photolysis lasers
on specific wavelengths and tuning the UV, probe across the H REMPI
transition.

UV action spectra obtained by excitation of the initially prepared J” =0 of
(1112°0% and (0030°0°) to the 4 'A4, state of C,H, are depicted in Figure 7.6.
The wave number scale in the figure signifies the combined energy (NIR +UV))
for excitation of the corresponding rovibronic states of A. In order to compare
the H yield from the same rovibronic states, the UV, wavelength for exciting
(1112°0°) is shifted by 28.27cm ™" to the red relative to that for (0030°0°). The
frequencies of the sharp lines in both action spectra coincide, although they are
more intense for (1112°0°) where, in addition, more lines are observed. There
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Figure 7.5 Schematics of the energetics relevant to nonadiabatic VMP of C,H..
Rovibrational excitation of C,H, in the region of three C-H stretch
quanta by NIR photons is followed by their promotion to the excited A
4, electronic state by UV, photons, where the molecules decomposed to
release H photofragments that are detected via (2+ 1) REMPI with UV,
photons. Note that here J” assigns a rotational state in the mediating
vibrational level and J' in thed "A, state. Reproduced from Ref. 12 by
permission of the PCCP Owner Societies.

are two possible explanations for this intensity difference. First, excitation to
the (1112°0% and (0030°0°) states leads to different FC factors for absorption of
the UV, photons from these states. Second, the UV, photons populate rovi-
bronic states in 4 '4, that couple well to dark states (see below) effectively
promoting predissociation and hence H atom photofragmentation.

The three-laser experiment offers the possibility to discern between the two
explanations since excitation from the two initially prepared rovibrational
states leads to similar rovibronic states on the upper 4 'A4, electronic state by
using the same combined excitation energy. Accessing identical rovibronic
states implies similar coupling to close-lying dark states and therefore the dif-
ference in H photofragment yield is a result of the different FC factors for the
UV, absorption. Comparison of the two panels of Figure 7.6 indicates that the
transition probabilities from J” =0 of (1112°0°) are higher than those from
J" =0 0f (0030°0%). The ratio of the integrated intensities of the transitions from
(1112°0%) to those from (0030°0°) was found to be 10-68, with an average ratio
of 27. This ratio accounts for the ~9:1 intensity ratio of the (0030°0°):(1112°0°)
measured via photoacoustic absorption spectroscopy.'? Thus, energizing the
(1112°0°) combination band of acetylene, consisting of bending, leads to a
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Figure 7.6 UV action spectra obtained by excitation of the initially prepared J"=0of
(1112°0°% (upper panel) and of (0030°0°) (lower panel) to the A ' 4, state of
C,H,. The wave numbers signify the combined energy (NIR +UV,) for
excitation of the corresponding rovibronic states of A ' 4,. Note that to get
the same combined energy, the UV, wavelength for exciting (1112°0%) is
shifted by 28.27cm ! to the red relative to that for (0030°0°). Reproduced
from Ref. 12 by permission of the PCCP Owner Societies.

higher efficacy in dissociation. This is ascribed to the resemblance of the pre-
pared vibrational wavefunction on the ground state to that on the upper state
and accordingly to the improved FC overlap between them. Therefore, the
enhanced FC factor for the intermediate state containing CH bending increases
the 4 '4, — X Zg absorption and promotes the C—H bond cleavage more
efficiently. The NIR action spectra supported the above conclusions:'? Initial
preparation of rovibrations of (1112°0°) enhanced the H photofragment pro-
duction by about an order of magnitude over that of the preparation of
(0030°0°).

The results of the three-laser experiments (Figure 7.6) are consistent with
nonadiabatic VMP since they show that bound states of 4 'A4, are reached,
where adiabatic dissociation is not accessible. The nonadiabatic nature of the
dissociation was corroborated by the translational energies of the H photo-
fragments obtained from their Doppler profiles.'* It was found that in the VMP
from different rovibrational states of C,H, the departing H atoms were released
with a maximal translational energy of 0.55 £ 0.07eV. The translational energy
is close to the 0.58 eV difference between the overall photon energy acquired
by the molecule via the NIR + UV excitation (6.29 ¢V) and the energy required
for photodissociation through the nonadiabatic channel C,H(X)+H
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(5.71eV).**** This indicates that the VMP of C,H, occurs nonadiabatically
under the present conditions.

7.1.3 VMP of C;HD

7.1.3.1 Adiabatic VMP of C,HD — Evidence for Rotational
Dependence of H/D Branching Ratio

Similarly to HOD, VMP of C,HD offers two distinct isotopic channels. To
study these channels, C;HD was excited, alternatively, to five stretches of CH
(5v1), four stretches of CH and one of CD (4v; +v3), or three stretches of CH
plus one of CC, one of CD and two cis-bends (3v;+v,+v3+2vs). These
vibrational states were promoted to the A ' 4, and B ' B, states by 243.135- and
243.069-nm photons that were also used for monitoring, respectively, the H and
D photofragments, via (2+ 1) REMPL*"® Figures 7.7 and 7.8 represent action
spectra of H and D photofragments (panels b and ¢) as a function of rovi-
brational excitation and the simulated absorption spectrum (panel a) of the
relevant bands. The H+ C,D and D + C,H photofragments were the outcome
of C-H and C-D bond cleavage, respectively. The simulations were based on
known molecular constants of the 5v; and 4v; + v5 states.!”?° The simulations
represent spectra of " —X 7 vibrational bands including P- and R-branches
and that of 5v, is similar to the Fourier transform vibrational spectrum.'® The
H and D peaks (panels b and c) track the positions of the rotational lines in the
simulation (panel a). The yield of both H and D photofragments was enhanced
upon photolysis with that of H being higher than that of D. From the Doppler
profiles of both H and D it was concluded that the ~243.1 dissociation of
C,HD in the 5v; region is adiabatic.

Although the excitation coefficient of the 5v, state is<107® of the funda-
mental C—H stretch,?® a large signal is observed in the action spectra, showing
extremely efficient production of H and D. The intensity ratio between 5v; and
4v, +v; as measured from the amplitudes of regular R transitions (those that do
not stick out of the spectrum) (J' =6-8) was 1.5+0.1. This ratio agrees well
with that of 1.55, measured from absolute transition dipole moments in direct-
absorption experiments.'®?° The almost comparable intensity ratios in action
spectra and in absorption indicate similar character of the two bands that
contain only stretches. This is probably due to the fact that in the second step of
excitation to the upper electronic states the transitions do not differ much in
their FC factors. As for 3v;+v,+v3+2vs, no data concerning its intensity in
direct absorption is available and therefore the influence of the FC factor on the
action spectrum intensity could not be determined.

As in C,H,, the most intriguing observation is that pairs of rotational
transitions terminating in the same upper J' (J'=2, 11, 12, 17-19, 21, 22 of 5v,
and J'=1,9, 12, 15-17, 22 of 4v; +v3), in both the H and D action spectra, are
more pronounced and stick out from the P and R regular rotational contour. It
is seen that some of the transitions exhibit an intensity of more than an order of
magnitude higher than that for a Boltzmann distribution. In contrast, the
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Figure 7.7 Vibrational overtone excitation spectra of the 5v; state of C,HD.
(a) simulated absorption spectrum calculated using rovibrational para-
meters from Ref. 19 at a temperature of 120 K. Panels (b) and (c) show the
action spectra of H and D photofragments as a result of ~243.1 nm
photolysis. The numbers above the peaks in the simulated spectrum
label the rotational levels of ground-state Co;HD and those in the action
spectrum mark the rotational levels of S5v; for which preferential
enhancement is observed. Reprinted from Ref. 7. Copyright 1999, with
permission from Elsevier.

absorption spectrum of 5v; varies smoothly with J’ and follows a Boltzmann
distribution.'”® The observation that both P- and R-branch transitions
sharing similar J’ deviate from the regular behavior was attributed, as in CoH,
[R(23) and P(25)], to couplings with dark zero-order states.

Moreover, the rovibrational preparation did not affect only the transition
intensities in the action spectra, but also the H/D branching ratio. For example,
for 5v;, the H/D branching ratios were 4.9 + 0.5 for the regular line (e.g., J' =4)
and 1.540.2 for the irregular (e.g., J'=2).*’ For 4v, +v;, the H/D ratio for
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Figure 7.8 Vibrational overtone excitation spectra of the 4v;+v; and 3v;+v,+
v3+2vs states of CoHD. (a) Simulated absorption spectrum calculated
using rovibrational parameters from Ref. 20 at 120 K. (b) and (c) action
spectra of H and D photofragments as a result of ~243.1-nm photolysis.
The rulers above the simulated spectrum label the rotational levels of
ground-state C;HD and those in the action spectrum mark the rotational
levels of 4v;+v; that are standing out from the rotational contour.
Adapted from Ref. 7 with permission from Elsevier.

regular lines was in the range of 2.5-3.8, while for irregular transitions it was
0.9-1.5.

The results for the regular lines demonstrate that there is a change in the yield
and in the H/D branching ratio following bond fission in C,HD (5v;) and
C,HD (4v; +v3), also as a result of preparation of different vibrational states.
The combined energy (VIS + UV) decreases only slightly from ~7.05eV for 5v;
to ~7.0eV for 4v;+v; and therefore it is unlikely to be the reason for the
difference in branching ratio. A possible explanation is that in 5v; only the C-H
bond is extended, while in the 4v, + v5 state the C—D bond is extended as well.
In both cases the C—H bond is cleaved preferentially, but the H/D ratio of 4.9
for regular lines in the former is reduced to 2.5-3.8 in the latter. The effect is
even more dramatic when irregular rotational states are prepared prior to
photodissociation since then the preference is reduced to almost statistical H/D
ratios (0.9-1.5). This is, most probably, a result of the coupling of the prepared
J' with zero-order dark states. Possible candidates for interaction are states that
include combinations of C—D stretches and bends or C=C stretches and bends.
This interaction leads to extension of the C—D bond and to enhancement of its
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cleavage as a result of better FC overlap, which is represented by the higher
intensities in the action spectra and, moreover, by the different H/D branching
ratios.

The observation that the same pairs of P and R transitions, terminating at
the same J's, are more pronounced in the action spectra of both H and D,
points, indeed, to resonances of these J's with other states that are then more
effective in excitation to the upper electronic state. To conclude, the rotational
specific VM P of CoHD serves as a fascinating example of product identity and H/
D branching ratio control not only via excitation of different skeletal motions, but
even by preparation of neighboring rotational states.

7.1.3.2  Nonadiabatic VMP of C;HD

The nonadiabatic VMP of C,HD'* was carried out under similar conditions
and using similar techniques as that for C,H, (Section 7.1.2.2). However,
C,HD was prepared in the (2100°2%) and (3000°0°) states (rather than (1112°0%)
and (0030°0°) in C,H,) and both the H and D photofragments were monitored.
As for C,H; it was found that the initial vibrational preparation alters the FC
factor for the subsequent transition to the upper A state, resulting in pre-
ferential enhancement of the C—H(D) bond cleavage for excitation from the
(2100%2°%) state that contains bends over that from (3000°0°) that consists of
stretches only. From the H and D UV action spectra and from the Doppler
profiles it was concluded that, not surprisingly, the ~243.1 dissociation of
C,HD in the 3v; region is nonadiabatic. The H/D branching ratio for photo-
dissociation from the (2100°2°) state was found to be 1.3 +0.3.

7.2 VMP of Ammonia Isotopologues
7.2.1 Spectral Features of Ammonia Relevant to VMP

The photodissociation of ammonia at energies relevant to VMP takes place via
excitation to the (4 '4”,) state:>*>*

NH;3(X '4}) 4+ hv — NH3(A4'4%) — NHy(X 2B)) + H(*S) (7.3)
— NH,(A424,) +H(S) (7.4)

where similar schemes apply to the other isotopologues. The VMP scheme for
NH; is described in Figure 7.9. The ground state of NH3, X '4’,, has pyramidal
structure, whereas the first electronically excited state, 4 'A4”5, is planar (tri-
gonal).”® For excitation energies sufficient for dissociation via both channels,
the branching ratio between the nonadiabatic channel (eqn (7.3)) and the
adiabatic channel (eqn (7.4)) is governed by the nonadiabatic transition that
takes place in the vicinity of the CI located around r(N-H)=1.5 A 3034
VMP studies of ammonia isotopologues were conducted on NHj,
NHD,% and NH,D.%* The four (six if one counts degeneracies) fundamental

55-61
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Figure 7.9 Excitation scheme for VMP of NHj The dotted curves indicate the CI
between the two electronic states. The photodissociation is monitored,
alternatively, via emission from NH(4 %4,), (2+1) or (3+1) REMPI of
H(*S). Reprinted with permission from Ref. 56. Copyright 2002, American
Institute of Physics.

vibrational levels of the ground electronic state of NH; are'> the symmetric
vi=3337cm ! stretch, the v,=950cm ™' umbrella (inversion), the doubly
degenerate antisymmetric v;=23444cm~! stretch and the doubly degenerate
v4=1627cm ™" bend. VMP of NH; was carried out from each (or from com-
binations) of the fundamental vibrations®> >7>°"®! and from the 4v; + v and 5v,
states.”® For the partly deuterated isotopologues, VMP was performed on 5vyy
of NHD, and 5vnp of NH,D, where the respective frequencies are® Svyy
=15524cm™" Syyp =11 734cm ™"

7.2.2 VMP of NH,

7.2.2.1 VMP of NH; Prepared at Low Vibrational Energies

It might look surprising that one of the first VMP experiments where a specific
vibrational level of a molecule was prepared prior to its excitation to a dis-
sociative state was carried out on NH3.%” This is probably due to the fact that at
the time that this experiment was done, CO, lasers were popular (and practi-
cally the only far-IR lasers) and their wavelengths around ~10.6 um coincide
with those needed to excite the v, level of NHj3. Although the photodissociation
products were not monitored (the purpose of this study was to measure
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vibrational population via changes in electronic absorption), the combined
energies of the photons in the experiments (at 10.6 um plus 200-225 nm) were
above the dissociation threshold. It was shown that it is possible to excite 40%
of the NH; molecules by a pulsed CO, laser under the given experimental
conditions.

However, in later VMP experiments on NHj, state-to-state processes were
investigated. In this subsection and in 7.2.2.2 we present the studies on mode-
specific dependence of the photofragment yields and in 7.2.2.3 the application
of VMP for spectroscopic studies of NHs.

A decisive experiment on the mode specificity of the photofragment yields is
presented in Ref. 56, where NH3 was prepared, alternatively, in the vy, v3, 2vy,
vi+vs, vo+v3 and the v,+ 2vy4 state. The vibrationally excited NH3 was pro-
moted to the 4 'A4”, state using a runable UV laser in order to get isoenergetic
photolysis of the NHjs, the specific dissociation energy chosen for this study
being 52 878 cm ™', The photodissociation was monitored viz emission from the
NH,(4 ?4,) photofragment. Since this is a clear example where preparations of
different vibrational states, followed by dissociation at exactly the same total
energy, lead to different distributions of products, we dwell on this example in
some detail.

The room-temperature photoacoustic absorption spectra, the vibrational
action spectra at T;o; ~10K and simulations of the absorption spectra in the
N-H stretching region from 3150 to 3500cm ' (v, v5 and 2v,) and from 4100 to
4580cm ™" (v;+vs, v2+vy and v, +2vy) are depicted in Figures 7.10 and 7.11,
respectively. Note that each of the rotational levels of the symmetric top ground-
state NHj splits into a doublet (due to inversion): a symmetric sublevel (s, positive
vibrational parity) and an antisymmetric (¢, negative vibrational parity) with
respect to reflection in the inversion plane.** The notation used in Figure 7.10 is
s/a® AJ(J" . K") where AK or AJ=—1,0,1 are denoted by P, O, R, respectively.

The results of the experiments and simulations presented in Figures 7.10 and
7.11 are summarized in Figure 7.12. The upper panel in the figure compares
the intensities in the action spectrum for v, v3 and 2v4 (solid bars) to those in
the simulation absorption spectrum, both normalized to the largest band in the
simulation (v;), and the lower panel compares these intensities for vy +v,, v5+v3
and v, +2v,. Whereas the difference between the measurement and simulation
in the upper panel is striking, there is hardly any difference in the lower panel.
In the former, both the antisymmetric stretching band (v3) and the bending
overtone band (2v4) are three times more intense in the vibrational action
spectrum than the simulation predicts. In sharp contrast, in the latter the
relative yield is insensitive to initial vibrational excitation of the combination
bands that contain the umbrella (inversion) motion v,.

As explained in Section 2.1.2.2, vibrational absorption spectra depend on the
transition probability for the vibrational transition, whereas vibrational action
spectra depend, in addition, on the transition probability for photodissociation
out of the prepared intermediate state to form the monitored dissociation
product. The vibrational mode dependence of the NH,(4 24,) yield could arise
from a better FC factor for electronic excitation, depending on both lower and
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Figure 7.10 (a) Room-temperature photoacoustic absorption spectrum, (b) jet-
cooled action spectrum and (c¢) simulation of the absorption spectrum for
T.or =8 K, of NH; in the N-H stretching region. The inset shows an
example of the doublet corresponding to the two components of the
inversion splitting. Reprinted with permission from Ref. 56. Copyright
2002, American Institute of Physics.
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Figure 7.11 (a) Room-temperature photoacoustic absorption spectrum, (b) jet-
cooled action spectrum and (c) simulation of the absorption spectrum for
T.oi=10K, of NHj3 in the N-H stretch-umbrella combination band
region. Reprinted with permission from Ref. 56. Copyright 2002,
American Institute of Physics.
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Figure 7.12 Integrated band intensities of the six vibrational bands of NHj in the
action spectrum (solid bars) compared to the simulation, revealing
(upper panel) more efficient production of electronically excited frag-
ments for both the antisymmetric stretch (v;) and the bending overtone
(2v4). The additional quantum of umbrella motion (lower panel) removes
any distinction among the initial excitations in the N-H stretch-umbrella
combination band region. Reprinted with permission from Ref. 56.
Copyright 2002, American Institute of Physics.

upper state vibrational wavefunctions or from an increase the probability of a
nonadiabatic transition to form the ground-state NH,(X %B,) product and thus
decrease the NHy(A >A,) product yield. The vibrational action spectra pre-
sented above cannot distinguish between the two mechanisms.

Further, detailed insight into mode specificity in the VMP of NH; was
obtained when the H photofragments were detected by (2+1)°° or (3+1)°!
REMPI and their Doppler profiles®® or VMI monitored.® Both methods
enable the kinetic energy of the products to be obtained, but the latter enables
measurement of the recoil energy with a much higher resolution and determi-
nation of the internal energy of the unobserved NH, product. The most
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dramatic observation in these studies was the difference between the outcome of
dissociation from the symmetric stretch, designated below as 1', vs. that from
the antisymmetric stretch, 3', of NH3(A4 '4”,). These dissociative states were
prepared, respectively, by IR excitation of a single rovibrational symmetric
stretch, 1, or antisymmetric stretch, 3, in NH5(X 14'), followed by UV excita-
tion. The combined IR + UV excitation was the same in both cases. An illumi-
nating demonstration of this difference is depicted in Figure 7.13. The following
conclusions were gathered from the measurements presented by the figure:*° The
Doppler profile for dissociation from 1' is much broader than that from 3'. The
average translational energy release for dissociation from 1' is 3490 + 450 cm ™',
10 times more than that for dissociation from 3'. The speed distributions are also
very different with a bimodal distribution for 1' with maxima at 5520 and
13850m/s and a single maximum for 3' corresponding to slow hydrogen atoms
with speeds < 5000m/s. This implies that dissociation from 1' is mainly through
the nonadiabatic channel, with some contribution from the adiabatic channel,
whereas dissociation from 3" is almost solely via the adiabatic channel.

In order to further interpret the above differences we refer to Figure 7.14,
where calculated X- and A-state PES of NH; along one N-H bond distance
R(NH,—H) and the out-of-plane bending angle 6 are shown. As can be seen in
the figure, the surfaces form a CI, crossing in the planar geometry (0 =90°).
Detailed interpretation is presented in Ref. 61, where a primary goal was to
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Figure 7.13 Doppler profiles and speed distributions for dissociation from the sym-
metric stretch (upper panel) and antisymmetric stretch (lower panel) of
NH;(A4 '4”,). The dotted lines in the speed distribution for 1' show both
slow and fast components, and the shaded area is the standard deviation.
Reprinted with permission from Ref. 101. Copyright 2003 American
Chemical Society.
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Figure 7.14 Calculated X- and A-state PESs (PES) of NH; along one N-H bond
distance R(NH,—H) and the out-of-plane bending angle 6. The surfaces
form a CI, crossing in the planar geometry (0 =90°). Reprinted with
permission from Ref. 61. Copyright 2006, American Institute of Physics.

compare VMP via the 1' and 3' state channels, applying VMI in order to
identify the electronic state of the NH, fragment for each cannel. Using this
technique, the extent of adiabatic and nonadiabatic dissociation for different
vibrations in electronically excited NHj3 is unraveled. The images of the VMI
show that decomposition of NH; with the 1' excited symmetric N-H stretch
produces primarily ground-state NH, fragments, NH(X >B;) (the non-
adiabatic channel). By contrast, decomposition from electronically excited NH;
containing one quantum of the 3! antisymmetric N-H stretch leads almost
exclusively to electronically excited fragments NHy(A 24,) (the adiabatic
channel), avoiding the CI between the excited-state and ground-state surfaces.
In other words, the production of NH,(4 24,) suggests that the antisymmetric
stretching excitation in the electronically excited NHj carries it away from the
CI that other vibrational states access. It is worth noting that it was shown that
there are additional important Cls between the ground and excited states of
NH;,%° Time-dependent quantum wavepacket calculations that take these
findings into account would help explain the fine details of the photo-
dissociation dynamics of ammonia.®!

7.2.2.2 VMP of NH; Prepared at High Vibrational Energies

Measurements and calculations of VMP from high vibrational states of NH3,
aiming to compare the cross sections of N-H bond dissociation in the
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photolysis from the 4v;+v; and 5v; states, are reported in Ref. 58. The
experimental procedure combined measurements of the absorption spectrum of
NH; for vibrational excitation into the 4v, +v3 and 5Sv; states, applying PA
spectroscopy, and of the action spectrum resulting from dissociation from these
state, via (2+1) REMPI of the H photofragments. In the computational pro-
cedure the FC factors for absorption from the vibrational states were evaluated
by utilizing time-dependent wavepacket calculations on the PESs constructed
by an ab initio molecular-orbital procedure.

It was found that the cross section for dissociation from 4v; + v; is larger than
that from Sv by a factor of 1.23 +0.06, whereas the theoretical ratio was cal-
culated as 1.02. The discrepancy between the experimental and theoretical
results was attributed to two nonexclusive possible reasons. (1) Not taking into
account in the calculations the vibrational interactions between the stretching
and bending modes. (2) Alterations (caused by the different vibrational exci-
tations) of the measured quantum yield for the N-H dissociation channels
(eqns (7.3) and (7.4)) due to the (not measured) NH + H, channel.>®

7.2.2.3 VMP of NH; as a Spectroscopic Tool

In addition to providing insight into the photodissociation dynamics, the VMP
of NHj; provided unique information on the vibrational structure of its X and 4
states.”®>” In the VMP study described above (Section 7.2.2.1), where the
photodissociation was monitored via emission from the NH»(4 24;) photo-
fragment, a total of 60 individual rotation—inversion transitions for six vibra-
tional bands of NH;(X) were assigned or confirmed.”®

Information on the vibronic structure of the A state and in addition on the
lifetimes of the vibronic states was obtained from the action spectra, monitored
via (2+ 1) REMPI of the H photofragments of jet-cooled NHj initially excited
to selected rovibrational states.”” We quote below some of the highlights of this
study. As in many other cases described throughout this monograph, it was
also found here that initial vibrational excitation significantly changes the FC
factors for the subsequent electronic transition. This was instrumental for the
assignment of sharp resonances to a progression in the degenerate bending
mode including the 2'4" and 2°4' combination states (the superscripts are the
number of quanta in each state) that were not assigned before. Also identified
were broad, non-Lorentzian shaped resonances as transitions to the symmetric
and antisymmetric stretching fundamentals. The proposed assignment revealed
an accidental degeneracy of the umbrella (v,) and bending mode (v4) with
fundamental frequencies of 8924+ 8cm ™" and 906 +30cm ™', respectively.

Simulation of the vibronic band envelopes provides band origins and
homogeneous rovibronic linewidths for states containing the umbrella and
bending modes.”” The homogeneous linewidths I" were converted to lifetimes
(see Section 2.2.2), 1= (2ncI’)~", which are plotted as a function of excess
energy over that of the 0° state in Figure 7.15. The lifetimes of the bending
states decrease monotonically with excess energy from 115+ 18 fs for 4' to
13+4 fs for 4*, with lifetimes at least a factor of 2 less than for nearly
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Figure 7.15 NH;(A) lifetimes extracted from the homogeneous rovibronic linewidths
I' using the relation t= (2nel’) ! plotted as a function of excess energy
over that of the 0° state. Reprinted with permission from Ref. 57.
Copyright 2002, American Institute of Physics.

isoenergetic excitation of the umbrella motion. The combination states 2'4' and
234! on the other hand, live longer than the pure bending states but shorter than
states involving only the umbrella motion.>” Since there were discrepancies
between the presently observed and previously calculated lifetimes, ab initio
recalculations of the barrier in the exit channel of NH4(A4) were carried out.”’
These calculations yielded a barrier to dissociation of 2348cm ™", about 20%
lower than previous calculations and partly explained the discrepancy between
measured and calculated lifetimes, the latter being longer. For a better fit,
improvement of the PES of NH(A4) is needed.

7.2.3 VMP of NHD, and NH,D

VMP of NHD, and NH,D is yet another test of vibrationally mediated
bond selectivity where preferential production of either H or D atoms may be
monitored. Such preferential production was encountered in triatomic
molecules, HOD (Section 6.4), and linear tetratomic molecules where a rigid
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C=C bond separates between the H and D contain moieties (Section 7.1.3).
The nonlinear, tetratomic NHD, and NH,D molecules present more
complex systems where vibrationally mediated H and D production was
studied.®?

In the work described in Ref. 62 the preparation of NHD, in the Svyyg
vibrational state and NH,D in the Svyp state was followed by ~243.1 nm
excitation to the dissociative A state. The H and D photofragments were
monitored (by the same UV laser used for excitation) via (2+1) REMPI.
Figure 7.16 depicts the REMPI signals for fixed wavelengths for preparation of
specific rovibrational states and scanning of the UV wavelengths to cover the
isotope shift between H- and D-atom REMPI spectra. The H/D yield ratio was
found by comparing the areas in Figure 7.16. Considering the number of NH
and ND bonds in NHD, and NH,D, the ratio of the NH dissociation cross
section to that of ND was found to be 5.1 +1.4 and 0.68 £0.16 for NHD,
(5vnu) and NH,D (Svap), respectively. These results were compared with those
for the photolysis of vibrationally unexcited NH,D and NHD,.°*¢ It was
concluded that the Svyy excitation in NHD, leads to enhanced NH dissocia-
tion with a ~2 times larger NH/ND branching ratio than for the vibrational
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Figure 7.16 The (2+1) H and D REMPI signals for the VMP of (a) NHD»(5vngn)
and (b) NH,D(5vnp) as a function of the UV-laser wave number.
Reprinted with permission from Ref. 62. Copyright 2004, American
Institute of Physics.
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ground state of NHD»; the Svyp excitation in NH,D leads to preferential ND
dissociation with a ~3—4 times larger ND/NH branching ratio than for the
vibrational ground state of NH,D.

Interpretation of the experimental results was attempted considering the
energetics and the wavepacket dynamics.®? Time-dependent wavepacket
calculations, similar to those applied for NH3 4v; +v; and 5v; (Ref. 58 and
Section 7.2.2.2), were performed utilizing the PES constructed by an ab initio
molecular orbital calculation. The results of the calculations showed that the
NH (ND) stretching-excitation leads to the nearly complete selection of the
NH (ND) bond dissociation. This is in contrast to the bond selectivity observed
in the experiment that was substantially lower. The discrepancy was attributed
to the fact that the effect of the bending modes was not considered in the
wavepacket calculations and to nonadiabatic crossings between PESs. It was
pointed out that exact wavepacket calculations in full-dimensional surfaces
(that might be very difficult) should provide information about the effect of
the different vibrational modes and on the contribution of the nonadiabatic
dynamics.®?

7.3 VMP of HNCO
7.3.1 Spectral Features of HNCO Relevant to VMP

VMP of isocyanic acid, HNCO,** ™ is a heuristic case study, despite its com-
plex spectroscopy, since it tests vibrational state control of photodissociation
into three distinct channels, two of them leading to chemically distinct species:®*

HNCO(X '4") + hv — HNCO(A4'A4")
— NH(X’27) + CO(X'=") Dy =30080cm™" (7.5)

— H(S) + NCO(X°IT) Dy = 38320cm™! (7.6)
— NH(a'A) + CO(X'=") Dy =42710em™".  (7.7)

We refer hereafter to NH(X *Z7) as °NH and to NH(a 'A) as '"NH. The
ground state of HNCO is planar, nonlinear, nearly an accidental prolate
symmetric top, where the NCO moiety is nearly linear with the NCO angle of
173° and the HNC angle of 124°.%* The PES of the excited (4 '4") state is
presented in Figure 2.1, where a two-dimensional cut through the six-dimen-
sional PES is depicted as a function of the two bond distances Ryn and Rync.
The two exit channels on this PES, (7.6) and (7.7), are presented in Figure 2.1,
channel (7.5), which involves intersystem crossing to the a triplet state, is not
shown in the figure but indicated in Figure 7.17.

The six vibrational NMs of HNCO(X) consist of three stretches and three
bends. The fundamantal streches are’®® the N-H stretch, v, =3538cm™ ', and
the antisymmetric and symmetric stretches of the N—-C—O moiety, v, = 2269 cm ™'
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Figure 7.17 Schematics of one-photon dissociation and of VMP of HNCO prepared
in the 3v; state. The minimum-energy curves for HNCO show the
energies of the products, the origin of the S state and the calculated
barriers to dissociation on S;. The hatched region indicates the energies
accessed in the one-photon and in the VMP experiments described in
Section 7.3.3. Reprinted with permission from Ref. 83. Copyright 2001,
American Institute of Physics.

and v3=1323cm ™', respectively. The fundamental bends are’®®® the H-N-C
bend, v,=777cm”!, the N-C-O bend, vs=577cm ' and the torsion,
ve=656cm .

The extensive VMP studies of HNCO included preparation of fundamental
vibrations, overtones and combination states. In the following sections we first
(Section 7.3.2) explain what could be anticipated in these studies and briefly
survey the experimental methods applied and the results obtained in VMP of
HNCO prepared in various vibrational states, Then (Section 7.3.3) we describe
the detailed study of VMP of HNCO, prepared in the 3v; state, in comparison
to one-photon dissociation of thermal molecules. We conclude with the
application of VMP to HNCO spectroscopy (Section 7.3.4).

7.3.2 A Brief Survey of the VMP of HNCO

Figure 7.17 is a schematic illustration of a specific example, VMP of HNCO
prepared in the 3v, state, and of one-photon dissociation at the same energy.®
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Examining the figure the following observations could be made. First, the
dissociation at energies smaller than ~45000cm ™' may involve at least three
electronic states, two singlet states, Sy and S;, and one triplet state, 7;. Sec-
ondly, below the threshold for spin-allowed N-C bond cleavage, where only the
’NH + CO and H+ NCO channels are open, competition between those two
channels is expected; the spin-forbidden *NH+CO channel requires inter-
system crossing where HNCO has to reach a triplet state such as 7. Thirdly,
above the threshold, where formation of '"NH+ CO is also possible, competi-
tion among all three channels is expected. Fourthly, even when the excitation
energy exceeds the threshold for production of H+ NCO, the large barrier in
that channel prevents direct dissociation on S; and may bring the ground
electronic state S, into play. Finally, since in the electronically excited state of
HNCO the N-C-O moiety is bent, whereas in the ground state it is nearly
linear, it is expected that bending excitation might enhance the FC factor for
electronic transition.

Selective vibrational preparation of HNCO was carried out by either VIS/IR
excitation®® 7077788183 o R 71-73.75.76.80 e yMP products, NH and NCO,
were detected by LIF.%% 717375 78808183 1y the first VMP study of HNCO,
dissociation from the 4v; state, prepared via excitation at 759 nm, was com-
pared to single-photon dissociation at the same total energy, about 1000 cm ™'
above the threshold for the '"NH channel, and found to enhance the efficiency of
the NCO channel over the '"NH channel by a factor of at least 20. It was
estimated that the NCO/'NH branching ratio in the one-photon dissociation at
this energy is ~ 20, and it grows to > 400 in the vibrationally mediated
photodissociation.68 The next VMP study of HNCO was out of the 3v, state;
we deal in detail with this state in Section 7.3.3. Some of the other VMP studies
of HNCO are related to its spectroscopy and are alluded to in Section 7.3.4;
however, we mention here some conclusions that are instrumental for the
understanding of the VMP dynamics.

The effect on VMP of mixing the fundamental vibrational stretches of
HNCO (vq, v, and v3) with other vibrational states was systematically investi-
gated.””>7® The v,, v, and vs states were prepared by SRE and the '"NH and
NCO products detected by LIF. Analyzing the LIF action spectra, it was found
that preparation of unperturbed v; (N—H stretch) states leads to diffuse NCO
yield spectra compared to excitation of mixed vibrational states.””> The higher-
energy dissociation channel that produces 'NH has coarser structure near its
threshold, consistent with a more rapid dissociation. When SRE preparation of
vi was followed by comparing the intensities of the PARS and action spectra,
the effect of coupling v; to the other vibrational states could be unraveled.”
Extensive state mixing of v; was observed and possible v| perturbers, consisting
of various combinations of the v,, v3, v4, v5 and v states, were suggested.
Particularly relevant to VMP is the fact that the intensity differences between
PARS and action spectrum transitions, which revealed the vibrational state
mixing, provided FC factors for transitions to the dissociative electronic state.
Similar comparison between the intensities of the PARS and action spectra,
where the v, and v states were prepared by SRE, unraveled the couplings of
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these states.’® It was found that v; is mixed with a combination containing two
quanta of bends, the strongest perturber being (probably) vs+ vs and (possibly)
a weaker one being v4+vs. Although v, was also found to be strongly per-
turbed, the smaller Raman cross section precluded detailed spectroscopic
exploration. However, for both v; and v, the influence of the initial preparation
and mixing on the FC factors was evaluated. It was concluded that promotion
of out-of-plane bend decreases the FC factor since the electronic transition in
hand is between two states with planar equilibrium geometries.

In order to identify intramolecular couplings that control the early stages of
IVR following vibrational preparation of HNCO, room-temperature PA
spectra of 2v; to 5v; and free-jet action spectra of 'NH, *NH and NCO fol-
lowing pre-excitation of 3v; to 5v; of the N-H stretching were studied.”®
Analyzing the spectra, it was concluded that the states most strongly coupled to
the pure N-H stretching zero-order states are ones with a quantum of N-H
stretching excitation v; replaced by different combinations of N-C-O asym-
metric or symmetric stretching excitation (v, or v3) and the v4 bending excita-
tion. The two strongest couplings of the nv; state are to the states (n — 1)
vi+v,+tvgand (n— 1)v; +v3+ 2v,, and sequential couplings through a series of
low-order resonances potentially play a role. The analysis also showed that if
the pure N-H stretch zero-order state were excited, energy would initially flow
out of that mode into the strongly coupled mode in 100 fs to 700 fs, depending
on the level of initial excitation. At this point it is worth mentioning the one-
photon studies of HNCO, where it was suggested that there is a contribution to
the photolysis signal from vibrational hot bands, in particular from the lowest
vibrationally excited state, the 577cm ™' bend (vs), which has a population of
about 6% compared to the ground state in the 300K experiment.®” It was
pointed out that due to the geometry change upon excitation, hot-band tran-
sitions from an excited bending state are likely to have favorable FC factors
and contribute significantly to the photolysis signal.

The effect of coupling to the bending state was studied via absorption and
action spectroscopy, and theoretical calculations, on states in the 3v; region of
HNCO.?! Couplings between the bright N-H stretching state and states that
have one or more quanta of N—C—O bending excitation were identified. The
mixed state is much more efficiently photodissociated than the pure N-H
stretching zero-order state. Because the N-H bond length in the S, state of
HNCO is similar to that for the ground state, excitation of the N-H bond in the
ground state does not improve the FC factor for the S; « Sy transition.
However, because N—C-O, which is linear in the ground state, is bent in the
electronically excited state, N-C—O bending excitation significantly improves
the excitation probability.

7.3.3 Comparison of VMP of HNCO 3v; to One-Photon
Dissociation of Thermal Molecules

In this section we closely follow, in some detail, Ref. 83, where previous and
additional studies, comparing VMP of HNCO 3v, to one-photon dissociation,
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are critically analyzed and summarized. Reference to Figure 7.17 above may
serve as a visual aid. The comparison was carried out via direct observation of
all three photofragmentation channels of HNCO and measurements of the
relative yields of *NH+CO, H+NCO, and '"NH+CO at nine different
photolysis energies for both thermal and vibrationally excited molecules.
Figure 7.18 depicts the LIF excitation spectra of the NH and NCO products of
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Figure 7.18 LIF excitation spectra of the NH and NCO products of the one-photon
photodissociation of thermal HNCO molecules. The lower six spectra are
for photolysis energies where *NH +CO and H+ NCO are the only pos-
sible products. The three spectra at the top are for photolysis energies
where production of '"NH + CO is possible as well and show the dominance
of the '"NH product channel in those energy regimes. Reprinted with
permission from Ref. 83. Copyright 2001, American Institute of Physics.
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the one-photon photodissociation of thermal HNCO molecules at the different
wavelengths. The figure clearly shows that as the photolysis energy increases,
the LIF excitation spectrum of NCO extends over a larger range of wave-
lengths, indicating increasing excitation of the bending vibration of the NCO
fragments with increasing available energy. However, as the three top spectra in
the figure indicate, when the photolysis energy exceeds the threshold for the
spin-allowed cleavage of the N—C bond to form '"NH + CO, the LIF signal from
'NH grows sharply with increasing energy, reflecting the dominance of this
dissociation pathway once it is energetically accessible.

Figure 7.19 compares the LIF excitation spectra of the NH and NCO pro-
ducts from the one-photon dissociation of thermal HNCO to that from
vibrationally excited HNCO at the same total excitation energies, one below the
threshold for '"NH production (lower pair of spectra) and one above the
threshold (upper pair of spectra). At the lower total energy, only the *NH + CO
and the H+ NCO channels are open. The notable result is that the yield of *NH
relative to that of NCO does not change between the photolysis of vibrationally
state-selected molecules and thermal molecules. At the higher total energy,
where all three channels are open, vibrational excitation changes the relative
yields markedly. As in the lower-energy photolysis, the yield of *NH relative to
NCO does not change with vibrational excitation, but the relative yield of NCO
and *NH compared to '"NH increases substantially in the photolysis of vibra-
tionally excited HNCO.

The analysis of the spectra presented in Figures 7.18 and 7.19 is displayed in
Figure 7.20. It quantitatively summarizes the results presented in the previous
figures and adds the results of some other studies of one-photon dissociation of
HNCO.% Although some of the details presented in the figure are mentioned
above, we emphasize below the conclusions that can be drawn from the figure,
due to the unique feature of the VMP of HNCO, namely, the vibrational state
control of photodissociation into three distinct channels.

The solid bars in Figure 7.20, representing the quantum yields for the one-
photon dissociation of thermal HNCO, show that the yield of NH+CO
decreases and that of H+ NCO rises at the threshold for forming the latter
products. Formation of NCO becomes the dominant channel as the photolysis
energy increases until the energy is enough to form 'NH+ CO, which then
become the dominant, but not sole, products. When both spin-allowed chan-
nels are open, about 80% of the products are '"NH + CO and about 20% are
H+NCO up to at least 3000cm ™" above the threshold for 'NH production.
The LIF excitation spectra in Figure 7.18 and the corresponding relative yields
shown in Figure 7.20 demonstrate the dominance of each successive channel
with increasing energy. The open bars in Figure 7.20, representing the quantum
yields for the VMP of HNCO(3v,), show that at energies below the threshold
for production of 'NH + CO, the relative yields of °NH and of NCO are the
same for the photolysis of vibrationally state-selected or thermal HNCO
molecules. The significant difference appears above the threshold for 'NH + CO
formation. Comparison of the heights of the open bars (VMP) and the closed
bars (one-photon photolysis) shows that photodissociation of HNCO(3v;)
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Figure 7.19 LIF excitation spectra of the NH and NCO products of the photo-
dissociation of thermal HNCO molecules and of vibrationally excited
HNCO molecules. The lower two spectra are for a total photolysis
energy where >NH -+ CO and H+ NCO are the only possible products.
The top two spectra are for energies where production of 'NH + CO is
possible as well. In both cases, the photolysis wavelength used for the
vibrationally excited molecules produces the same total energy content as
in the one-photon photolysis. Reprinted with permission from Ref. 83.
Copyright 2001, American Institute of Physics.

yields substantially more NCO compared to 'NH than does the photo-
dissociation of thermal molecules.

To get more insight into the complex one-photon and VMP decomposition
of HNCO, a five-dimensional classical trajectory calculation of the photo-
dissociation of HNCO in the S; electronic state was carried out.”® It suggested
that the mechanism of vibrational enhancement is reduction of the direct dis-
sociation to 'NH + CO on S;. It was found that trajectories on S for HNCO
molecules with two or four quanta of N-H stretching excitation evolve to
products more slowly than those at the same energy with no initial vibrational
excitation. The average lifetime of the molecules increases by about a factor of
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Figure 7.20 Quantum yields of *NH (top panel), NCO (middle panel), and 'NH
(bottom panel). The solid bars are the quantum yields for the one-photon
dissociation of thermal HNCO, and the open bars are the quantum yields
for the VMP of HNCO(3v,). The circles are the results for the 248-
(Ref. 88) and 222- (Ref. 89), and the square for the 212-nm one-photon
photolysis (Ref. 90). The dotted lines are smooth curves drawn through
the one-photon photolysis data. Reprinted with permission from Ref. 83.
Copyright 2001, American Institute of Physics.

5. Initial motion along the N-H coordinate is orthogonal to the N-C direction
along which dissociation to '"NH + CO occurs and the molecule does not move
along the dissociation direction as readily. The increased dissociation lifetime
allows the molecule to sample the crossing region to S, more times and, hence,
increases the probability of forming NCO and *NH via the ground electronic
state.

To conclude, measurements and calculations of the relative yields of each of
the three channels, °NH + CO, H-+NCO, and 'NH + CO, in the photolysis of
both thermal and vibrationally excited HNCO molecules provided information
on the competition among the adiabatic and nonadiabatic (spin-forbidden)
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pathways. The dependence of the yields on vibrational excitation supports a
picture in which direct decomposition on the S; surface produces 'NH + CO
and in which IC to S, leads to H+ NCO, by spin-allowed unimolecular decay,
and to "NH+ CO by intersystem crossing and decomposition on 7;. More
specifically, for dissociation below the 'NH threshold S, is the state that is
common to production of both NCO and *NH with the former products
arising from the unimolecular decomposition on S, and the latter from sub-
sequent intersystem crossing from S, to 7. Once the system reaches Sy,
competition between statistical N-H bond fission to form H+ NCO and the
intersystem crossing to 7' determines the relative yield. While initial vibrational
excitation of HNCO might influence the rate of IC from S; to Sy, the sub-
sequent dynamics on Sy are likely to erase any memory of the initial vibrational
excitation and make the relative yields of NCO and *NH independent of the
vibrational excitation of HNCO. The indifference of the relative yield to
HNCO vibrational excitation is strong experimental evidence for the system
reaching 7 by first crossing to Sj.

Although vibrational excitation does not alter the relative amounts of *NH
and NCO it has a marked effect on the relative amount of 'NH. Photolysis of
HNCO (3v,) yields about 2.5 times /ess 'NH than does photolysis of a thermal
sample with the same total energy. This is consistent with the initial N-H
stretching excitation impeding the direct decomposition on S; to form
'NH + CO, as suggested by the trajectory calculation of Ref. 79, allowing a
greater opportunity for IC to S, and subsequent decomposition into the
competing H+NCO and *NH + CO channels. In other words, the control in
VMP of HNCO comes from vibrational excitation hindering one pathway and
enhancing the others. 1t is worth noting that relying on the results of the
spectroscopic study of HNCO presented in Ref. 80 (see below), it was suggested
that the N—C stretching vibration is a promoting mode for IC from S; to .Sy.

7.3.4 Application of VMP to HNCO Spectroscopy

Some of the above-mentioned studies deal with or allude to spectral features of
HNCO obtained via its VMP studies, in particular Refs. 71,73,75,76,78,80 and
81. The conclusions drawn from the spectroscopic measurements, which are
directly related to our main preoccupation, VMP dynamics, were presented in
the previous sections. Here, we present some highlights of HNCO spectroscopy
(or spectroscopy related) obtained via VMP.

We first note the measurements of the upper limits for the bond enthalpies of
the N-H and C-N bonds in HNCO by observation of photodissociation
appearance thresholds for the NCO(X °IT) and NH(a 'A) fragments from
initially selected HNCO vibrational states.”' The complex experimental setup
consisted of four separate light sources: one fixed-frequency and one tunable
source for the SRE preparation of the vibrationally excited state (v;), a tunable
photolysis laser for the electronic excitation, and a tunable probe laser to detect
either NCO(X °IT) or NH(a 'A) fragments by LIF. The upper limit of the
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dissociation energy of the H-N bond was found to be Dyo(H-NCO) < 38
320+ 140cm " and that of the N—C bond Dy(HN-CO) < 42710+ 100cm ",

The VMP-Raman’>">7® and the VMP-absorption spectroscopy’>*!studies
mentioned above (Section 7.3.2) provided information on spectroscopic fea-
tures of rotational and vibrational levels of the ground electronic state. We
dwell here on the vibrational structure of the S; state, studied via mediated
photofragment yield spectroscopy combined with multiphoton fluorescence
spectroscopy and detailed simulation.®” The experimental approach taken in
this study is illustrated in Figure 7.21 and described in the caption.

The vibrationally mediated photofragment yield spectroscopy relies on SRE
preparation of vibrational states in Sy that have good FC factors for sub-
sequent excitation to low-lying vibrational levels in Sy that, in turn, radia-
tionlessly decays to the triplet state 75 (shown but not mentioned in the figure)
that decomposes to NH (X *X7)+ CO(X '=™). The electronic spectrum in the
region of the origin is obtained by scanning the wavelength A, of the elec-
tronic excitation laser while monitoring the NH (X *£7) decomposition pro-
duct by LIF. In the multiphoton fluorescence spectroscopy, one photon with a
wavelength Age. excites a transition to a low-lying vibronic state in S, and a
second photon from the same laser pulse carries the electronically excited
molecule to a higher-lying, dissociative electronic state in which HNCO
decomposes to form H(%S)+ NCO(A4 *Z™"). Monitoring the emission from the
electronically excited NCO while varying the laser wavelength yields an elec-
tronic excitation spectrum of HNCO molecules cooled in a supersonic expan-
sion. The mediated photofragment yield and the multiphoton fluorescence
spectroscopies are complementary. This is due, mainly, to the fact that the SRE
applied for vibrational state preparation of HNCO has the advantage of
improving the FC factor for transitions to states near the origin. It has the
disadvantage of exciting Q-branch transitions that lead to rotational conges-
tion. On the other hand, the approach using multiphoton excitation has the
advantage of exciting molecules from a cooled sample in which there is little
rotational congestion.

From the analysis of the spectra the origin of the Sy state is located at 32
449 +20cm ™! and the harmonic vibrational frequencies of the N—C stretch
(w3=1034+20cm "), the H-N-C bend (w4 = 1192 + 19 cm ") and the N-C-O
bend (ws =599 +7cm "), are found. As mentioned at the end of the previous
section, the assigned spectra suggest that the N-C stretching vibration is a
promoting mode for IC from S; to Sj.

7.4 VMP of Other Tetratomic Molecules

In this section we describe VMP studies on hydrogen peroxide isotopologues
(HOOH and HOOD).,”" %% nitrous acid (HONO)'"%*!%* and hydrazoic acid
(HN;).19%1% Since mode-selective or bond-selective dissociation was not
observed in experiments on these molecules, the description will be short as
compared to that in the previous sections.
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Energy-level diagram illustrating vibrationally mediated photofragment
yield spectroscopy and multiphoton fluorescence spectroscopy of
HNCO. The right-hand side shows vibrationally mediated photofrag-
ment yield spectroscopy in which SRE prepares a vibrational state (by
the pump, A,,, and the Stokes, s, photons), a photon (/eie) dissociates
the vibrationally excited molecule, and LIF (following excitation at
Aprobe) detects the triplet NH product. The left-hand side shows multi-
photon fluorescence spectroscopy in which one photon excites HNCO to
the S; state and another photon of the same wavelength promotes the
molecule to a higher-energy, dissociative state, forming electronically
excited NCO whose fluorescence is detected. Reprinted with permission
from Ref. 80. Copyright 2000, American Institute of Physics.
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7.4.1 Hydrogen Peroxide Isotopologues

The ground electronic state of HOOH is nonplanar with six normal vibrational
modes:'% v1:3599cm*1, OH symmetric stretch, v2:1387cm*1, symmetric
bend, v;=875cm ™!, OO stretch, v,=254cm ™', torsion, vs=3611cm™!, OH
asymmetric stretch and vg = 1265cm ™', asymmetric bend. VMP of HOOH"! 1?2
(including theoretical work'®) and HOOD?"*” was studied for species prepared
by initial excitation in the region of the third (4voy) overtone of the OH
stretching and in some cases also in the region of the fourth overtone (5vop).”>**
The OH or OD photoproduct were detected via LIF.

In a series of experiments on HOOH, comparison of VMP to one-photon
dissociation, including thermally assisted vibrational-overtone-induced pre-
dissociation through the Svoy transition, or to two-photon vibrational-over-
tone-induced predissociation was carried out at room temperature.”*** The
energy-level diagram for the dissociation of HOOH related to these experi-
ments is depicted in Figure 7.22. It was found that the photodissociation
dynamics in VMP is different from that in one-photon UV dissociation of
comparable or greater energy. Thus, in the VMP of HOOH (4voy), 11% of the
OH fragments are formed in v=1, in contrast to the one-photon UV dis-
sociation where essentially all of the produces are formed in v=0.

The experiments and interpretation presented in Refs. 92 and 94 were fol-
lowed by modeling in Ref. 100 where the authors presented LM basis set cal-
culations for the region of the HOOH (4voy) wavefunction. The results support
the dissociation model outlined in Ref. 92. Furthermore, the calculated
enhancement of the photodissociation cross section from the overtone state
relative to that from the ground state agrees qualitatively with experiment, as
does the increase in vibrationally excited OH products. The mechanism for
overtone-mediated photodissociation relies on the overtone wavefunction
having two key characteristics. First, it is highly localized in the overtone degree
of freedom, i.e. it has a large overlap with the zero-order overtone and insures a
large cross section for the initial excitation to the overtone. Second, the
wavefunction has very delocalized tails that extend into the wide amplitude
O-O0 stretch region. These tails, although small, play the important role of
providing FC overlap with the continuum states, necessary for describing the
dissociation mechanism.

In calculating the wavefunctions in the region of HOOH (4voy), a global
PES was used and LM product basis functions that are prediagonalized in each
mode so as to yield a very good zero-order description of the overtone wave-
function were constructed. The tails arise from mixing with nearly degenerate
background states, which are themselves extensively mixed. This framework
provided a novel view of the extent of this mixing by demonstrating the sen-
sitivity of the overtone wavefunction to its precise location relative to the nearly
degenerate background states. The dissociation cross section was calculated by
evaluating FC overlaps of the overtone wavefunction with continuum states on
a repulsive electronic surface. A separable approximation was used to calculate
these overlaps; partially removing this approximation produced no qualitative
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Figure 7.22 Energy-level diagram for the dissociation of HOOH. The dashed line is
the thermodynamic O-O bond dissociation threshold. (a) VMP through
the 4vpoy vibrational overtone transition. The first photon excites the
4voy vibrational transition and the second (with the same energy) excites
the vibrationally excited molecules to a dissociative electronic state. (b)
Thermally assisted vibrational overtone induced predissociation through
the Svoy transition. In this one-photon process, molecules that possess
sufficient initial thermal energy dissociate following excitation of the
Svon transition. (¢) VMP through the 5voy vibrational overtone tran-
sition. The first photon excites the 5Svoy transition and the second pro-
motes the vibrationally excited molecule to a dissociative electronic state.
(d) Vibrational-overtone-induced predissociation through the 6voy
transition. Reprinted with permission from Ref. 92. Copyright 1987,
American Institute of Physics.
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changes in the conclusions. In evaluating the continuum wavefunctions, an ab
initio surface was used and model surfaces were constructed and used for
comparison. For all surfaces it was found that the VMP cross section was
enhanced by several orders of magnitude over the direct UV cross section at the
same energy, and that the partial cross sections for vibrationally excited OH
products were much greater than those for the direct transition. A significant
aspect of these calculations was finding that the torsional mode plays a crucial
role in the VMP process.'%

The VMP of HOOH (4voy) was reinvestigated in a jet-cooled setup'®! and
revealed anomalous double-resonance spectral intensities. The relative photo-
dissociation cross sections out of the intermediate 4voy state were determined
as a function of the J' g, . level, where Ka and Kc are the projections of the total
angular momentum J on the a- and c-axes. HOOH (4voy) molecules with J' =0
were found to have a negligible photodissociation cross section compared with
levels with J’ and K'a > 0. Combined with information about the OH(X) v=0
rotational state distribution generated via photodissociation of HOOH (4vop,
J kake=202), the cross-section data suggest that delocalization of the inter-
mediate overtone state wavefunction into wide-amplitude O—O stretching
regions, which is required in the VMP experiment to provide good FC overlap
with the excited electronic continuum, is profoundly influenced by parent
molecular rotation, in particular about the ¢- and bh-axes. The absence of VMP
transitions involving the 4vgy J' = 0 level implies that the intermediate state for
J'= 0 is more highly localized than its J > 0 counterparts. The last obser-
vation may be of significance in the context of the search of mode-selective
chemistry.

Vector correlations, vibrational and rotational fragment pair (scalar)
correlations”” ®® and population distributions in OH photofragments generated
via VMP of HOOH(4voy) > and in OD photofragments generated via
VMP of HOOD(4von)’ " at selected wavelengths near 750 nm, were deter-
mined using polarized, Doppler-resolved LIF spectroscopy. These measure-
ments, together with a knowledge of the direct, single-photon dissociation
dynamics at comparable supplied energies, allowed assignment of the two
electronic transitions (4'4 and B'B « X '4) in hydrogen peroxide, contributing
to the continuum accessed in the double-resonance experiments, and established
the minor influence of rotational torques exerted on the electronically excited
PESs, when these are accessed at large O—O bond extensions. In addition, the
measurements established strong photofragment rotational excitation as origi-
nating primarily from the molecular rovibrational motion in the intermediate
high-overtone state and allowed the use of an approximate classical treatment to
estimate the average energy disposed into each vibrational mode in the vibra-
tionally excited HOOH(D) molecules “interrogated” by secondary photon
absorption at ~750nm. The “interrogated” molecules, initially excited via the
4vo_p “LM” transition, were found to possess significant OOH(D) bending and
HO-OH(D) torsional character in addition to contributions from HO-OH(D),
H-O, and D-O stretching. Also, it was found that the intramolecular

93.,96,97,99
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vibrational mode composition together with the component of parent molecular
rotation about the a-axis is effectively mapped into the final photofragment
quantum-state distributions.

7.4.2 Nitrous Acid

The VMP of nitrous acid, HONO, was studied both theoretically103 and
experimentally.'® A classical trajectory study of IVR, cis—trans isomerization
and unimolecular dissociation in HONO are presented in Ref. 103. The cal-
culations were carried out on a realistic PES that was constructed by using the
available kinetic, thermochemical, spectroscopic, and ab initio quantum-
mechanical information. The influence of the total energy, initial NM excita-
tions, initial OH-stretch overtone excitations, rotations, and PES on IVR and
the initial rates of isomerization and dissociation of HONO were analyzed. The
results showed significant mode-specific behavior, particularly for the iso-
merization. It was shown that excitations of overtones of the O-H or N=0
bond-stretching modes yield the lowest initial rates for both isomerization and
dissociation. Excitation of the HON bending mode yields the largest iso-
merization rates, while excitation of the ONO bending mode yields the largest
dissociation rate. At a fixed total energy, placing a small amount of rotational
energy in the molecule causes a significant increase in the isomerization and
dissociation initial rates over those computed for nonrotating HONO, how-
ever, when the rotational energy is increased above 0.1 ¢V, the rates decrease as
expected on the basis of the Rice—Ramsperger—Kassel-Marcus (RRKM) the-
ory. The orientation of the rotation is an important factor for the intramole-
cular energy transfer and reaction rates. Rotating the molecule along the
torsional axis causes a significant increase of the initial rate of isomerization.
Rotating the molecule perpendicular to the ON bond causes significant
increases in the dissociation rates.'®?

The experimental investigation of the spectroscopy and dynamics of HONO
encountered problems that are mentioned in Ref. 104 and it is worth repeating
them here since the merit of VMP as a tool for solving these problems is
heuristically exemplified. Both calculations and experiments suggest that the
energy barrier to cis—trans isomerization by torsional motion is of the order of
3500 cm ™" (trans-HONO has the thermodynamically preferred conformation:
AE(cis—trans) = 141 =36cm™"). There do not appear to have been any reliable
estimates of the magnitude of the barrier to isomerization via in-plane bending,
nor have there been many reports of any overtone or combination absorption
bands of either cis or trans nitrous acid. This, in part at least, is due to the fact
that it is not possible to obtain a pure sample of HONO. Rather, it will always
be found as a (minor) constituent in a mixture containing NO, NO, and H,O.
Thus, the difficulties of working with a low species concentration is further
compounded by problems of spectral overlap, which cannot easily be removed
by rotational cooling given the reported ease with which HONO molecules
cluster in a molecular beam. VMP offered a means of alleviating these problems
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since, as shown in previous chapters, overtone absorptions are detected by
monitoring the yield of photofragments that arise as a result of a further
photon absorption that projects the vibrationally excited molecules up to a
(dissociative) excited electronic state. Specifically, spectra of the O—H stretching
overtones of HONO, free of any overlap from absorptions associated with the
various contaminants mentioned above, could be obtained by monitoring
resonance enhancements in the excitation spectrum for forming OH(X)
fragments.

Reference 104 describes LIF measurements of the energy disposal in
the OH(X) photofragments resulting from VMP of the second (3v;) and
third (4v;) O-H stretch overtones of trans-HONO. As in one (UV)
photon study of HONO photodissociation from its first excited (4 'A4”)
electronic state, these OH(X) fragments were observed to be formed exclu-
sively in their zero-point vibrational level. However, these fragments (especially
those formed in the VMP via the third O-H stretch overtone) showed
significantly higher levels of rotational excitation than those found in the
single UV-photon dissociations. These differences were used to provide some
insight into the intramolecular dynamics within the vibrationally excited parent
molecule.'™

7.4.3 Hydrazoic Acid

The two published works on the VMP of hydrazoic acid, HNj3, dealt with the
vector correlations following 532-nm photodissociation from the second
overtone of the N-H stretching vibration (3v,), monitoring the NH(a 'A)
photofragment by LIF.'%%:19

In the first study,'® the energy disposal and the v—J vector correlation in
the nearly isoenergetic HN; one-photon 355-nm photodissociation and
532-nm VMP of the 3v; level were compared. A significantly hotter rotational
state distribution of the NH(a 'A) fragment was observed in the latter
process, indicative of altered dissociation dynamics. Comparison of Doppler
profiles of P and Q lines for LIF detection of the NH(a 'A) fragment in a
given rotational level for the VMP process revealed that the NH fragments
possessed a substantially greater v—J correlation with both vectors tending
to align themselves in a much more collinear fashion than in the nearly iso-
energetic one-photon photodissociation. This means that although the two
photodissociation experiments correspond to similar total energies, excitation
from initial nuclear configuration with an extended N-H bond apparently
generates much larger torsional forces, which tend to align the fragment’s
rotational angular momentum and recoil velocity vectors in a collinear
fashion. It was suggested that the differences in the torsional forces experi-
enced by the molecule in the two experiments result from variation in the region
of the excited state surface accessed by them. Furthermore, since ab initio
calculations'®” found only one singlet state (4 '4”) in this wavelength region,
the differences in the two isoenergetic measurements most likely arise from
excitation of the parent molecule to different regions of the same electronic
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surface and not from accessing different excited electronic states in the two
experiments. '

The second study ~ concentrated on detailed analysis and interpretation
of Doppler profiles of specific rotational levels of the NH(z 'A) fragment
obtained following the 532-nm VMP of HNj; (3v,). To this end, a general
expression for the Doppler profile for fragments produced in the photo-
dissociation of laser-excited, aligned molecules, as in VMP, was derived by
employing a semiclassical approach.'® It was found that the values of
parameters obtained in the analysis of Doppler profiles for the detection
of NH rotational levels N=7 and 10 are quite different from those predicted
by simple expectations of dissociation through a perpendicular transition
between planar geometries. Thus, the experimental data are consistent with a
value of ~0° for the angle 6, between u and the parent molecule a inertial axis,
while a value of 90° is predicted for the 4 '4” « X '4’ transition, and the recoil
anisotropy has a positive value of 0.2-0.3, in contrast to the predicted value
of —1/2. Both of these results are strongly suggestive of the importance of
nonplanar geometries, as has also been inferred for the one-photon photolysis
of HN,.1%®

The derived values for the parameters 6, and the recoil anisotropy reveal
different aspects of the dissociation dynamics.'°® The angle 0, depends on the
geometry of the molecule at the instant of electronic excitation. By contrast, the
recoil anisotropy parameter depends both on the direction of x in the molecular
frame and on the dissociation dynamics following electronic excitation. A likely
explanation for the unexpected derived value for 6, could come from nonplanar
geometries accessed directly in the electronic excitation. The total excitation
energy in the 532-nm VMP of HNj (3v)) is considerably less than the vertical 4
'A" « X '4’ excitation energy, ~41000cm """ It was found in Ref. 107 that
the minimum excitation energy, ~30000cm ™", is to a nonplanar geometry with
an out-of-plane N—N-N angle of ~60°. Because of the low excitation energy in
the VMP process, ~ 28 500 cm ™, the excitation is not in the vertical FC regime,
and nonplanar geometries are accessed directly, rather than via the excited state
dynamics subsequent to a vertical excitation. As for the anisotropy parameter,
the derived values for the VMP process are significantly larger than the values
measured for one-photon photolysis.'"”” This provides an additional, strong
indication for the role of nonplanar geometries in the dynamics of the VMP
of HN,.10°
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CHAPTER 8

VMP of Larger than Tetratomic
Molecules

As stated at the beginning of Chapter 7, VMP theories and experiments that
deal with tetratomic molecules are much more complex than for triatomics.
The arguments made there certainly hold when we deal with VMP of even
larger molecules and we may anticipate a much higher complexity for this
“class” of species. Moreover, as explained below (Section 8.1), it is antici-
pated that IVR in these molecules would preclude mode-selective or bond-
selective dissociation in the ns timescale. Apparently, these difficulties were
not fully appreciated in the early days of VMP and in 1972 it was suggested
to apply VMP for dissociating selectively diethermethylketone in a mixture
that also contains dietherketone.! It seems that an experimental verification
of this scheme was not tried (or failed). Indeed, at present only for one “lar-
ger than tetratomic” molecule, methylamine, was mode-dependent enhance-
ment in photodissociation observed.

Before discussing the VMP of the title molecules, where specific vibrational
levels were pre-excited, we note that low-frequency vibrational modes, typical
of large molecules, are significantly populated even at fairly low temperatures
and may affect the course of their photodissociation. Although we will not
discuss this scenario here, we cite one example, the recent work on photo-
dissociation of thiophenol, which suggests a temperature dependence of the
photofragments branching ratio.'?

We start this chapter with presentation of the VMP of methylamine iso-
topologues (Section 8.1) and then move on to haloalkanes where, in some
instances, vibrational pre-excitation changes the electronically excited states
accessed in photodissociation and the branching ratio between the atomic
photofragments (Section 8.2). The subsequent section (8.3) deals with phenol,
where the dynamics of CIs in this large molecule is exemplified via comparison
of the recoil-energy distributions of the fragments from one-photon
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VMP of Larger than Tetratomic Molecules 143

dissociation with those from VMP. The last section (8.4) reports on VMP of
other “larger than tetratomic molecules.

8.1 VMP of Methylamine Isotopologues

8.1.1 Spectral and Dynamical Features Relevant to VMP of
Methylamine

The interest in VMP of methylamine, CH3;NH,, the simplest primary amine,
and its deuterated isotopologues, stems from the fact that its excitation via
the A « X transition (the first absorption band at ~200-245nm'®) may lead to
N-H(D), C-H(D) or C-N bond rupture. The thermodynamically accessible
dissociation channels following excitation in this band are depicted in
Figure 8.1.

In one-photon dissociation, N-H(D) rupture was found to be the major
channel. "% It is of interest to examine the possible effect of specific vibrational
pre-excitation on the efficacy of photodissociation and on the branching ratio
between the photofragments. However, this is not an easy task since methy-
lamine is a seven-atom molecule with fifteen vibrational NMs. The frequencies
of these modes range from 268 cm~ ! for vis5, the CHj3 torsion mode, to
2820-3427 cm ™! for the various CH; and NH, stretches in CH;NH,, with lower

(kcal/mol)
160 1
120 1
~~~~~~ —_— > H + CHNH
H + CH,NH,
80 - ———»CH, + NH;
CH, + NH
40 1 ===—"2H, + HCN
H, + CH,NH
0 -
-40 >

N-H Reaction Coordinate

Figure 8.1 Simple diagram of PESs along the N-H(D) bond dissociation coordinate.
Thermodynamically accessible reaction channels are shown on the right.
For the upper state, the adiabatic PES is depicted in the vicinity of the FC
region. Thereafter, it correlates to the H+ CH3;NH(X) products diabati-
cally in the late stage along the reaction coordinate. Reprinted with per-
mission from Ref. 9. Copyright 2003, American Institute of Physics.
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frequencies in the isotopologues for modes where D atom movements are
involved."" In particular, it exhibits two strongly coupled large-amplitude
motions, comprising the torsion of the methyl top and the inversion of the
amine group'>'? with barriers for torsion and inversion of ~690,'" and
1943cm "' respectively. Thus, mode specificity in VMP is expected to be
more difficult to observe than in tri- or tetratomic molecules due to fast energy
flow out of the initially prepared states. As explained below, this is particularly
true for molecules with a torsional degree of freedom, which are expected to
exhibit fast IVR.' Nevertheless, it turns out that notwithstanding these
“expectations”, mode-dependent enhancement was observed in the VMP of
methylamine and a large part of the rest of this section is devoted to this
observation.

Before going into the details of methylamine VMP investigations it is
useful to briefly review studies on its one-photon dissociation. In the photolysis
of methylamine with broadband radiation (194-244 nm),> four major dissocia-
tion pathways were observed: the dominant channel corresponding to N-H
bond fission accounting for at least 75% of the dissociation, C—H bond rupture
for ~7.5%, molecular-hydrogen elimination from the amine for less than 10%
and very little CN bond breaking yielding methyl and amine radicals. More
recently, investigation of the photodissociation of methylamine under colli-
sionless conditions at 222nm in a crossed laser-molecular beam? led to the
conclusion that the major channel is N—H bond fission, while the C—-N and C-H
bond dissociation channels and the H, eclimination are also significant. In
addition, photodissociating four isotopologues of methylamine, CH3;NH,,
CH3ND,, CD3NH, and CD3ND» in the 203-236 nm wavelength region, fol-
lowed by H(D) HRTOF PTS,%’ led to the conclusion that most if not all slow
and fast H(D) photofragments arise from N-H(N-D) bond fission. Both con-
tributions were considered to arise from H-atom tunneling through (or passing
over) an early barrier in the NH dissociation coordinate and evolution into the
region of the CI between the A and X state surfaces. The fast hydrogen atoms
were linked to molecules that pass directly through the CI to the
H+ CH;NH(X) asymptote, while the slow atoms were attributed to those
molecules that “miss” the CI on the first traversal but make the X « A transfer
on a later encounter.

In more recent studies of one-photon dissociation of methylamine,
severe homogeneous broadening was observed in CH;NH,(A, V') states cor-
responding to lifetimes of a fraction of a ps. Replacement of the NH, moiety by
ND, resulted in a large increase of the lifetime, whereas replacement of CH; by
CDj; did not result in a similar effect. These observations strongly indicate that
the product H atom is obtained primarily vie N-H bond breaking.® '
Moreover, partial H to D substitution on the amino moiety was not effective in
reducing the linewidth of the vibronic band, indicating that the predissociation
occurs exclusively along the N-H coordinate with a reaction barrier through
which the tunneling rate leading to the N—D bond rupture is significantly slo-
wed down due to the larger mass of D.'%1%2
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These experimental findings are in line with theoretical studies. Thus,
ab initio calculations® showed small barriers in the excited state along both the
C-N and N-H fission reaction coordinates. It was argued that although the
C-N bond is weaker than the N-H bond, in the excited state the barrier to C-N
fission on the A state surface is higher than that for N-H rupture, leading to a
more efficient bond breaking of the latter upon excitation to the first excited
state. A later analysis® put forward the explanation that excitation of a nitrogen
lone-pair electron into a Rydberg s orbital produces an excited state that mixes
with other electronic states and decomposes via N-H, C—N or C-H rupture.
Cuts through ab initio PESs for the X and A states of CH;NH, were presented,
indicating that the A4 state potential for both N-H and C-N bond fission is
characterized by a small barrier at short range. For N-H and C—N rupture, the
excited-state and ground-state surfaces cross as the molecule dissociates,
forming a CI. The N-H rupture excited-state products lie above the excitation
energy and dissociating molecules are funneled through the CI and emerge as
ground-state products. The C—N rupture excited-state products lie below the
excitation energy and dissociation would proceed mostly on the excited state
surface. In the case of C—H fission, the excited-state products lic above the
excitation energy, but since there is no CI in this channel, C—H rupture has to
occur only after IC to a hot ground state, with a large fraction of the available
energy partitioned to internal motions of the products with relatively little
translational kinetic energy.’

Although the above conclusions on one-photon dissociation served as a
guide for interpreting VMP processes in methylamine,'>2° the photodissocia-
tion dynamics in the latter case may differ and, as is obvious from the following
examples, further experimental and theoretical studies are needed to better
understand these complex processes. We note the latest theoretical studies of
the spectral and dynamical features of methylamine that include ab initio and
density functional theory (DFT) calculations for obtaining fundamental
vibrational frequencies in CH;NH,, CH;ND,, CD;NH, and CD;ND, 2% and
detailed calculations of CIs in CH;NH,.>*®

8.1.2 VMP of CH;NH,; in the Region of the Fundamental CH;
and NH, Stretches

Excitation of CH;'>'7 and NH,'® fundamental stretches and of the almost
isoenergetic combinations and overtones of CH; deformations of CH3;NH; in
the 2770-3400 cm ' range was achieved via SRE. The effect of the subsequent
~243.1-nm excitation on the H atom dissociation channel was investigated by
monitoring the jet-cooled action spectrum, which reflects the REMPI yield of
the H photofragments as a function of vibrational excitation, and comparing it
to the PARS spectrum. In addition, H-atom Doppler profiles were monitored
by parking the SRE wavelengths on the Q-branch maxima (reflecting the
transitions to specific vibrational states) and tuning the UV laser across the H
REMPI transition.
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8.1.2.1 Evidence for Mode-Dependent Enhancement of Bond
Fission and Photoionization of CH;NH,

Figure 8.2 displays the room-temperature PARS spectrum, the jet-cooled
action spectrum, the REMPI spectrum of CH3NH,, and, on the right side of
each panel, the respective excitation schemes.’ The spectra are characterized by
a multiple-peak structure, related to the Q-branches of different bands, and the
peaks of the action show up whenever the difference frequency of the SRE laser
beams matches that of a specific vibrational transition. However, whereas in
the PARS spectrum two of the peaks, of the degenerate CHj stretch, v,
(2961 cm™ ') and the CH; symmetric stretch, v; (2820 cm '), are dominant and
the others quite weak, in the action spectrum all peaks carry significant
intensity and, in particular, the PARS low-intensity peaks become prominent.
An additional dominant peak, in both the PARS and action spectra, due to the
NH, symmetric stretch, v, (3361 cm™"), is beyond the wave-number span of the
figure.
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Figure 8.2 Vibrational excitation of the CHj stretches region of CH3NH,: (a) the
room-temperature PARS, (b) the jet-cooled action spectrum monitoring
the REMPI yield of H photofragments following 243 135-nm photo-
dissociation of pre-excited CH3NH, and (c) the REMPI spectrum of
CH;NH,. The insets at the right display the excitation scheme used to
obtain each spectrum; the PESs for N-H dissociation are adapted from
Ref. 5, the dashed line denotes C; symmetry and the solid line C; sym-
metry. Reproduced from Ref. 17 with permission.
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The bands at 2795, 2880, 2901 and 2968 cm ™' were tentatively assigned to
2v7+2vy5, vstve, 2vs and 2vis, respectively,15 where vs (1473 cm*l) corre-
sponds to the CH; degenerate deformation, vg (1430cm™") to the CH; sym-
metric deformation, v; (1130 cm ") to the CH; rock, vi» (1485cm™") to the CH;
degenerate deformation and vys (268 cm ') to the CHj; torsion. Thus, the fea-
tures related to the deformations are of higher intensity, meaning that they
exhibit higher enhancement in the action spectrum relative to the CH; and NH»
stretches. An estimate of the enhancement was obtained from the ratio between
the peak areas corresponding to the same feature in the action and PARS
spectra, setting that of v, to 1.0 and normalizing the other features’ intensity to
it. The enhancement factors for the NH, and CHj; stretches (v, v, and v3) are
0.9-1.2, while those corresponding to the CH; deformation bands are 1.7-2.5.
This behavior suggests higher enhancement for the deformations and thus
mode-dependent enhancement and promotion of H photofragmentation in the
~243.1-nm VMP of CH;NH,."> 7

The H-photofragment yield depends on the SRE vibrational excitation
probability, the FC overlap between the vibrational wavefunctions in the
ground and excited electronic states, the electronic transition dipole moment
and on the photodissociation channel. Since in the VMP process the combined
SRE+ UV excitation energies are in the ~43900-44530cm™' range, the
CH;NH, 4 state is accessed from all the initially prepared vibrational states. It
was therefore concluded'® !’ that the main player determining the H-yield
dependence is the FC factor in the UV excitation from the different pre-excited
vibrational states. The differences in the FC factors can be rationalized by
noting that the ~243.1-nm excitation of the CHj stretches or overtones and
combinations of deformations at 43900-44 100 cm ™" access the v/72v'¢ homo-
genously broadened level (~200cm ™) on the A PES (v/5 is the CH; rock and
Vo the NH, wag).” This suggests that the initially prepared deformations
overlap better with the upper state and result in FC factors larger than for the
CHj; stretch states.

This conclusion was corroborated by monitoring the CH;NH, REMPI
spectrum from the same initial vibrational states, using temporally overlapping
SRE and UV photons."”> ' Figure 8.2(c), shows that the molecular REMPI
spectrum, which directly probes the electronic transition, has a similar pattern
to that of the H action, Figure 8.2(b). The resemblance of the two types of
spectra suggests that both are driven by the same FC factors.

As reported in the previous chapters, similar behavior of the action spectra
was encountered in smaller molecules, e.g., C;H,, C,;HD and HNCO, where
excitation of combination bands including bending, affected considerably the FC
factors and subsequently the bond fission. Nevertheless, mode specificity should
be less likely in larger molecules, due to faster energy flow out of the initially
prepared states. This is particularly true for molecules with a torsional degree of
freedom. It was pointed out that IVR is accelerated in flexible molecules when
the prepared vibration is close to the center of flexibility.'* In particular, the
dependence of IVR rates on the internal rotation barrier height was carefully
studied in four- to twelve-atom molecules.'* Tt was shown that there is a
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systematic decrease in IVR lifetimes as the barrier is decreased from 1700 cm ™!

to 400 cm ™. Following the conclusions of that study it is inferred that CH;NHo,,
which is characterized by a torsion barrier of ~690cm™",'® ought to have IVR
lifetimes <200 ps. However, the VMP results presented here clearly show that the
initially prepared states live considerably longer, sustaining their nuclear motion
and leading to favorable FC factors and thus to enhanced dissociation. Were
IV R complete on the ns timescale of the present experiment (where there is ~ 10ns
delay between the SRE and UV photons), one might expect FC factors from either
initially prepared states to be identical. In contrast, the differing FC factors point to
a persisting difference in the character of the vibrationally excited states.

8.1.2.2 H-Atom Doppler Profiles: Evidence on the Main
Photodissociation Channel

As explained at the beginning of Section 8.1, N-H(D) rupture was concluded to
be the major channel in one-photon dissociation of methylamine via the first
absorption band. Similar conclusions on the dominant photodissociation
channel were obtained from the Doppler profiles of the H atoms produced
following the ~243.1-nm excitation of CH3NH, pre-excited to the NH; sym-
metric stretch fundamental (v;) and the CH; symmetric stretch fundamental
(v3).'® The Doppler profiles for these excitations are depicted in
Figure 8.3. The profiles resulting from other, approximately isoenergetic pre-
excited vibrational states were very similar with widths between those for v; and
v3. The measured profiles (squares) are well fitted by Gaussians (solid lines in
Figures 8.3(a) and (b)), suggesting isotropic velocity distribution. The Gaussian
profiles correspond to Maxwellian velocity distributions and allow finding the
translational-energy distributions of the H photofragments (Figures 8.3(c) and
(d)). The widths of the H Doppler profiles in photodissociation of pre-excited
NH, and CHj stretches correspond to average translational energies of the H
photofragment of 0.424+0.02 and 0.30 +0.03 eV, respectively. These energies
are considerably lower then the maximum available energies of about 1.2 and
1.7¢eV (marked by arrows in Figure 8.3) for release of H atoms from the NH,
and CH; moicties (obtained by subtracting the dissociation energies of 4.28 and
3.79 ¢V for the N-H and C—H pathways from the combined SRE + UV energies
of 5.51 and 5.45¢eV, respectively). The fact that the yield of H atoms (inferred
from the action spectra) for the two excitations is about the same and that the
difference between the average translational energies is only ~0.1eV, whereas
between the available energies it is ~0.5eV, suggests that (mostly) the same
bond is ruptured in both cases.

The available energies for N-H and C—H bond cleavage marked by the two
arrows in Figures 2(c) and (d) can also be compared to the distribution of the
translational energies of the H photofragments. It is clearly seen that the arrows
for the N-H and C-H cleavage are positioned on the tails of the energy-
distribution curves. Since there are barely any H atoms carrying energy higher
than 1.2eV (the available energy for N—H bond cleavage), it is unreasonable
that the C—H channel is the dominant one.
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Figure 8.3 Representative H Doppler-broadened profiles obtained via ~243.1-nm
photodissociation of methylamine initially excited to the fundamental
(a) NH, symmetric stretch, (v,), and (b) CH3 symmetric stretch, (v3). The
solid curves are the Gaussians fitted to the corresponding measured pro-
files (squares). (c) and (d) are the Maxwellian translational-energy dis-
tributions extracted from (a) and (b) with the arrows marking the
maximum available translational energies of H as a result of N-H and
C-H bond fission, respectively. Reproduced from Ref. 16 with permission.
Copyright 2007 LPP Ltd.

The fraction of energy released into H translation, calculated assuming that
the dominant channel is N-H, is 0.35 and 0.25 for ~243.1-nm dissociation of
CH;3NH, initially excited to the NH, and CHj stretches, respectively. This
means that relatively small fractions of translational energies are channeled
into the H photofragments, pointing to a nonadiabatic dissociation process.
This is in line with the explanation given above, suggesting that the H atoms
tunnel through a barrier in the N-H dissociation coordinate and funnel
through the CI between the 4 and X state surfaces to the (hot) ground elec-
tronic state where they dissociate.

8.1.3 VMP of CH;NH; in the Region of the NH, Overtone
Stretches

Nonstatistical energy flow in the first NH, symmetric stretch overtone (2v;)
region was observed in CH;NH,."®?° This was concluded from measurements
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of jet-cooled action spectra'®?® and Doppler profiles,® and of room-

temperature, PA vibrational excitation spectra.'®** Action spectra of
~243.1-nm excitation of the pre-excited first to third NH, stretching over-
tones” showed partially resolved features, particularly in the first NH,-stretch
overtone region. The simulation of these spectra together with the PA spectra
allowed retrieval of the band origins, types and intensities, and the homo-
geneous linewidths. By modeling these data with a simplified LM/NM and NM
models and taking into account the Fermi resonances, it was possible to assign
the observed features and show that they are related to couplings of the bright
and doorway states in the amino group.?® Furthermore, by considering the
LM/NM Hamiltonian and the retrieved transition linewidths it was possible to
decode the intramolecular dynamical information. Of particular note is that the
antisymmetric NH, stretch state (2vy) is relatively long lived, ~4.4ps, up to
about three times longer than other, adjacent states, implying nonstatistical
energy flow. This might be due to the average coupling of the 2vq state to the
bath states being weaker, or the accidental absence of low-order resonances,
leading to a bottleneck in the initial stages of relaxation and consequently to a
slower decay process.

The Doppler profiles and the extracted translational-energy distributions
indicated that the translational energy disposal in the H photofragments is low,
and even more so, it is lower for ~243.1-nm dissociation of CH;NH, excited
with three and four quanta of NH, than with two quanta. This behavior was
attributed to a change in the dissociation mechanism. The photofragmentation
in the latter was suggested to occur via IC to the (hot) ground-state surface, while
in the former via both the parent 4 and X states, where the A state adiabatically
correlates with an H atom and an electronically excited CH;NH(A4).>°

8.1.4 VMP of CD3;NH,

VMP of partially deuterated methylamine, where the methyl and amine moi-
eties consist of different isotopes of hydrogen, could help in discriminating
between C—H(D) and N-H(D) bond rupture and for assessing possible mode-
selective bond fission. To this end, jet-cooled H and D action spectra and
Doppler profiles, obtained through dissociation at ~243.1 nm of CD3;NH,
initially excited to the first NH, symmetric stretch overtone region, were stu-
died."” The monitored action spectra were somewhat narrower than the room-
temperature PA spectrum, due to the inhomogeneous structure reduction,
exhibiting some residual structure. The simulation of the action spectra allowed
identification of the contribution of multiple bands to the dominant feature and
retrieving of the band types, origins and homogeneous linewidths. The
assignment of these bands enabled determination of the vibrational pattern and
involved resonances, and decoding of the intramolecular dynamical char-
acteristics. It was shown that Fermi resonances are of importance in this range,
but also higher-order resonances contribute to the vibrational pattern of
CD;NH,. The dynamical picture was retrieved by finding the positions of the
zero-order states and the homogeneous linewidths, enabling the timescales for
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energy flow to the interacting doorway and bath states to be obtained. As in
CH;NH, (see previous section), the relatively isolated 2v;, state was found to
have a lifetime of ~4.4 ps, up to about three times longer than those of other
states in this energetic window, indicating nonstatistical energy redistribution
or some state specificity, even at the high density of states in the vicinity.

From the areas of the H and D Doppler profiles, the H/D branching ratio is
9/1 and from the extracted translational-energy distribution, the average
translational energy of the H photofragments is higher, 0.47 £0.02¢eV, than
that of D, 0.38 0.01 eV. Although the specificity attained by excitation of the
NH; stretch overtones was lost in picoseconds, H atoms were still produced
preferentially. This was attributed to different mechanisms of CD3;NH, dis-
sociation in the A state. The topology of the PESs, the transition states on
the N—H dissociation coordinate being lower than on the C—D (as calculated
for C-H”) and the combined IR + UV excitation energy, explains the dom-
inance of the N-H rupture. The extracted translational-energy distributions of
the H and D products indicate that the former are associated with dissociation
involving motion on the N-H coordinate on the excited A surface, tunneling
through an early barrier and evolvement into the region of the CI to the
ground-state surface, followed by dissociation to ground-state H and CD;NH
products. The lower translational energy of the D product agrees with dis-
sociation via IC to the ground state and decay to D and vibrationally excited
CD,NH, products.’

8.2 VMP of Haloalkanes

In the photodissociation of haloalkanes in the first absorption band, halogen
atoms are mostly the main atomic photofragments, but H atoms (D in iso-
topologues) are detected as well in many cases. Haloalkanes are denoted here as
CH, X,, where /=12 ..., m=0,1,2... and X, represents n=12 ...

halogen atoms (it may represent different numbers of different halogen atoms
in the same molecule). The ensuing X atoms are observed in the two spin-orbit
states of the ground electronic state: the lower, X [EX(2P3/2)] and higher, X*
[=X(CP, ;)] state. For reasons explained below, many VMP studies of
haloalkanes were carried out on hydrochlorofluorocarbon (HCFC) molecules.
Therefore, and since some specific effects of vibrational preparation on the
photodissociation dynamics of these molecules were observed, a large part of
the present section is dedicated to HCFCs (Section 8.2.1). VMP of methyl
iodide, CH;l, is also dealt with in some detail, due to its benchmark role in
studying multichannel dissociation of simple polyatomic molecules (Section
8.2.2). Other haloalkanes are reviewed in less detail (Section 8.2.3).

8.2.1 Hydrochlorofluorocarbons

The introduction of HCFCs as interim replacements to the ozone-destroying
chlorofluorocarbon (CFC) and halon molecules®'** produced considerable
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interest in their photochemistry.?**° The HCFCs, containing at least one C-H
bond, were pursued as substitutes since they have shorter atmospheric lifetimes
than the CFCs and halons due to the reaction of the C—H moiety with OH and
O('D). Studies of one-photon dissociation of HCFCs established that they
release mainly Cl atoms and to some extent H atoms during their photo-
fragmentation in the first absorption band (180-240 nm).>* 2’

In the VMP studies of HCFCs presented below, CHFCl,, CHF,CI,
CH;CFCl, and CH;CF,Cl were interrogated.?' ® Vibrational excitation in the
regions of the fundamental (using SRE) and several CH,, overtone stretches was
followed by UV excitation. Room-temperature PA and jet-cooled action
spectra of CI, CI* and H photofragments were monitored. (2+1) REMPI
detection of the photofragments was employed at ~235nm for the two Cl
species and at ~243 nm for H. The UV excitation wavelength was the same as
that used for REMPI in the specific experiment. The spectra represent the
contributions of the different isotopologues of the above species according to
the abundance of the **Cl and *’Cl isotopes.

Each of the above four species has specific VMP features, However, those of
the two methane derivatives, CHFCl,>***3¢ and CHF-CL,*” and of the ethane
derivatives, CH;3CFCl,®>'2?353% and CH;CF,CL*® have somewhat similar
spectroscopy (linewidths, lifetimes, enhancement of photofragment produc-
tion). We therefore dwell on the species where most of the work was done,
CHFCI, and (mainly) CH5;CFCl,.

8.2.1.1 CHFCI,

(a) Enhanced Production of Photofragments. PA and action spectra for N =3,
N=7/2, and N=4 CH stretch-bend polyads of CHFCl, were observed.** The
spectra are assigned and labeled in the polyad notation applying a model that
involves coupling between the CH stretching and the CH bending motions.***
Each polyad is assigned by its quantum number N with its components labeled
as N;j=vs+1/2 v,+1/2 vy, where vs counts the number of zero-order bright
stretches, v, and vy, of the first and second bending, and the subscript j labels the
components of the polyad starting from the highest frequency (i.e., the com-
ponents are combinations of different vs that sum up to N). For CHFCl,,* the
CH stretch (v; =3024.8cm™") is anharmonically coupled by the 1:2 Fermi
resonance with either of the two CH bends, v,=1317.2cm ™! or v;=1242.6
cm ™! and the two bends are coupled by a Darling-Dennison resonance. These
resonances lead to a mixing of states that form the polyad components N;.
The action spectra exhibited significant increase in Cl, CI* and H photo-
products yield as a result of VMP, relative to the background one-photon
photodissociation.*® By measuring the yields of the different photofragments
and particularly the branching ratios between them, some features of the
photodissociation dynamics could be revealed. Comparison of the total Cl
yield, in both spin-orbit states, to that of H showed that the former was
enhanced four times more than the latter for the VMP of the 3, 7/2, and 4,
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components.*® This finding emphasizes that although the C-H stretch was
initially extended, the cleavage of the C—Cl bond was more efficient. This agrees
with analysis that showed that the vibrational energy redistribution in CHFCl,
for the N =7/2 polyad occurs on a timescale of ps.** Thus, for the ns laser pulse
widths employed in this experiment the mixed states were prepared and the
energy was already redistributed into the modes corresponding to the heavy
atoms during the excitation step. Extension of the C—CI bond, which becomes
the reaction coordinate, may lead to a favorable FC factor with the upper
PESs, probably due to the absorption characteristics related to a 6*c_cj« n
transition.***!

By accounting for the transition probability ratios of the tagged fragments
the REMPI signals were converted into CI*/Cl and H/(Cl+ CI*) branching
ratios. The branching ratios for CI*/Cl in VMP of CHFCIl, was close to 0.5
independent of the prepared polyad component. The H/(Cl+ CI*) was in the
range of 0.11-0.15, pointing to low fraction of produced H relative to that of Cl
and CI* .

41-44

(b) Evidence for Vibrationally Induced Three-Body Photodissociation. The
3Cl and *CI* ion arrival-time profiles following the ~235-nm photo-
dissociation of CHFCI, prepared in the Q-branch (comprising several unre-
solved rotational states) of the 3y, 4; and 5; stretch-bend polyads were
measured®® and are displayed in Figure 8.4. These profiles represent the
VMP “net” profiles, obtained by removing the contribution, when sig-
nificant, resulting from the ~235-nm photodissociation of vibrationless
ground-state molecules (vibrational excitation laser off) from the signal mon-
itored when both the vibrational excitation laser and the UV laser were on.**
The observed profiles were obtained with the polarization of the photolysis/
probe UV laser parallel or perpendicular to the TOFMS axis and with the
polarization of the IR/VIS vibrational excitation laser axis remaining fixed
with perpendicular polarization. The profiles of both Cl and CI*, taken
under these polarization conditions, are shown in Figures 8.4(a)-(c). Chan-
ging the polarization of the IR/VIS laser (including from perpendicular to
parallel to the TOFMS axis) did not affect the shape of profiles. This indi-
cates that the vibrational excitation to the Q-branch of the 3;, 4; and 5,
states does not induce significant alignment to the molecules.

The Cl and CI* photofragment spectra, shown in Figures 8.4(a) and (b),
indicate that the profiles are doubly peaked for the parallel polarization of the
UV laser and singly peaked for the perpendicular one. The double peaks are
due to formation of photofragments of equal translational energies but with
velocity vectors pointing toward and opposite to the flight axis. The profiles
shapes indicates that both Cl and CI* photofragments are released pre-
dominantly through a parallel electronic transition with a positive £.*>*" Also,
from comparison of the profiles of Cl and CI* obtained in VMP via the
intermediate state 5, to those via 3; and 4, it is evident that the intensities of the
centers of the arrival-time profiles increase and are much more pronounced for
51. This happens although the profiles are monitored under similar conditions,
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Figure 8.4 Arrival-time distributions of CI(*P3/,) and CI(*P,2) photofragments pro-
duced in the ~ 235-nm photolysis of CHFCl, pre-excited to the Q-branch
of the a) 3;, b) 4, and ¢) 5, polyads. Open circles and solid points are the
experimental data points taken with the polarization of the UV photolysis/
probe laser parallel and perpendicular, respectively, to the TOFMS axis.
The polarization of the overtone excitation laser was perpendicular to the
TOFMS axis. Solid lines are the simulations of the corresponding profiles.
These lines denote the best-fit velocity distributions, with constant f, finite
time response of the apparatus (modeled as a Gaussian with 20 ns full
width half-maximum) and Doppler selection by the finite bandwidth of
the probe laser (modeled as 0.3cm ™' at the one-photon wave number).
Reprinted with permission from Ref. 34. Copyright 2001, American
Institute of Physics.
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except the excitation wavelengths employed for the preparation of the 5; and 3;
and 4, states. Therefore, the increase in the intensity of the center of the arrival-
time distribution is attributed to an increase in production of Cl and CI*
photofragments with nearly zero center-of-mass translational energies.

The f parameters and the velocity distributions of the photofragments were
extracted by simulating the TOF spectral profiles.>* The distributions of both
Cl and CI* resulting from the VMP of 3; and 4, are significantly narrower than
that of 5,. It was also observed that the broadening of the latter results from
production of ““faster” Cl and CI* photofragments as well as slower ones. The
production of faster photofragments arises from higher combined energies (IR/
VIS + UV) employed in the VMP of CHFCl, 5, (56459 cm ™' ~ 7.0eV) than in
4, (53873cm ' >~ 6.7¢V) and 3; (51236cm ' = 6.4eV). The combined ener-
gies in the VMP of CHFCI, 3, 4, and 5; exceed that required for the loss of one
chlorine atom, but the first two do not surpass the threshold for a three-body
process where two ground-state chlorine atoms are released. Therefore, it seems
likely that the slower Cl and CI* photofragments, observed in the VMP of
CHEFCI, 5;, emerge from the three-body decay, either synchronous concerted,
where two C—Cl bonds are broken simultaneously, or sequentially.***

The recoil anisotropies also provide some information regarding the
mechanism of bond breaking. It was seen that the Cl and CI* arising from
~235-nm photodissociation of CHFCl, 3, 4; and 5; via two- or three-body
processes possess positive anisotropies, lower than the limiting values. The
parameters of CI increase somewhat with increasing combined energy, rising
from f=0.14+0.05 to 0.27+0.06 and to 0.47+07, while those of CI* are
nearly constant with values of f=0.3640.06, 0.43 +0.05 and 0.34 £ 0.04. The
theoretical limit for the f§ parameter, with u parallel to the line connecting the
two Cl atoms, was calculated and estimated to be ~1.1 (based on a CI-C-Cl
bond angle of 112° in CHFCl,).** In 193-nm photodissociation of vibrationless
ground-state CHFCl, molecules, f=0.5+0.1 was measured, indicating a
partial loss of anisotropy.?® This loss was attributed either to a geometrical
rearrangement during dissociation (nonaxial recoil) or to a small contribution
of a perpendicular electronic A’ < A’ transition overlapping the dominant
A" « A’ parallel transition.

The f values obtained in the VMP experiment are also positive, presumably
due to the access to similar upper electronic states as in the (energetically close)
193-nm photodissociation, i.e., involvement of the A’ and A” transitions in the
absorption from the vibrationally excited state. Indeed, calculations®™ have
shown that two transitions of A4” and two of 4’ symmetry underlie the first
absorption band of CHFCl,, related to the ¢* « n transition, and that the
predominant contribution rises from the lowest-energy 4” state and some from
one of the A’. Relying on the accessibility of the upper dissociative states it is
conceivable that the dissociation is prompt and it does not seem that the
rotational motion accounts for the reduction of f§ from its limiting value. Thus,
the observation of less than limiting f§ values emerges from dynamical factors.
From the measured f it is inferred that both Cl and CI* are produced as a result
of simultaneous absorption to both A” and A’ states that mix, probably, via
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curve crossing to release Cl and CI*. Also, due to the increase of the f corre-
sponding to Cl, it is likely that the contribution of the A” state to this channel
increases with increasing combined energy.

The observed increase in the CI channel anisotropy in VMP of CHFCI,
molecules promoted from 5, relative to those from 4; and 3; is a hint for a
concerted three-body decay. This is because in the case of sequential three-body
decay one would expect a lower ff parameter than in the two-body case due to
the increased dissociation lifetime. Relying on the observation of the increase in
p it seems likely that the concerted three-body decay is responsible for the slow
Cl. As for CI* photofragments, due to the small decrease in f in VMP of
CHEFCI, 5, relative to that in 4|, it might be that a sequential three-body decay is
also involved. These results suggest that the photodissociation of CHFCI, 3,
and 4, occurs only via two-body decay, while that of CHFCI, 5; occurs via
three-body decay as well. Not surprisingly, it appears that the onset of the three-
body decay is observed when the combined energy of the vibrational excitation
and photodissociating photon overcomes the dissociation barrier for it.

8.2.1.2 CH;CFCl,

(a) Enhanced Production of Photofragments. VMP of CH;CFCl, was studied
for molecules prepared in the fundamental CH; symmetric stretch, lvcy (by
SRE)*!, and in the second, 3vcy, >3 third, 4vey,>>¢ and fourth, 4vey, >
CH; overtones.

The signal intensities obtained in the VMP of 3vcy and 4vey of CH3CFCl,
relative to those obtained in ~235/243-nm photodissociation of the vibration-
less ground state reveal that the production of the atomic photofragments is
significantly enhanced as a result of vibrational excitation. This enhancement
can be due to the combined photon energies that are larger by ~8580 and ~ 11
270cm ™" for 3vey and 4vey, respectively, but also due to better FC factors.
Moreover, the observed enhancement in the photodissociation stage is larger for
4vcy than for 3vey, possibly due to both the increase in energy and to a better
FC overlap with the upper PESs. However, as for CHFCl,, although C-H
methyl stretches are excited, not only C—H bond breaking is enhanced, but large
enhancements are obtained for both Cl and CI* photofragments indicating that
the energy flows into the C—Cl bond and leads to its effective cleavage.

(b) The Effect of Vibrational Pre-Excitation on the Branching Ratios of the
Atomic Photofragments in the VMP of CH;CFCl, and CH;CF,Cl. Table 8.1
compares the CI*/Cl and H/(Cl+ CI¥) branching ratios in photodissociation
of vibrationless ground state to those in VMP of CH;CFCl,** and
CH;CF,CL>® The CI*/Cl branching ratios for 3vcy and 4vey VMP are com-
parable. However, they are about twice that for 193-nm photodissociation
although the total excitation energies in all three photodissociation processes
are close. Moreover, the energy of the 193-nm photodissociation is in-
between the combined energies employed in the 3vcy and 4vey VMP, which
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Table 8.1 CI*/CI and H/(Cl+ CI*) branching ratios in direct photodissocia-
tion of the vibrationless ground state and in VMP of CH;CFCl,*>
and CH;CF,C1.*®

Direct photodissociation VMP
CH;CFCl, 193 nm 235nm Iven 3ven 4ven
Energy (cm™")* 51813 42492 45448 51071 53761
CI*/Cl 0.22+0.06 036+0.08 0.54+0.11 049+0.11 0.46+0.10
H/(Cl+ CI*)? 0.17+0.07 036+0.12 0.46+0.15 0.23+0.09 0.324+0.12
CH3CF2C1 ]93 nm 3VCH 4VCH
Energy (cm )* 51813 ~ 51150 ~ 53850
CI*/Cl 0.25+0.06 0.54+0.09 0.55+£0.09

“The energy given in the table for VMP represents the combined energy for vibrational excita-
tion + photodissociation. The energy for the photodissociation part in the VMP was taken as that
used when Cl was tagged, 235 nm.

®The combined energy in the case of H tagging is 1363 cm ™" lower than for Cl, which might affect
the determined H/(Cl+ CI*) ratios.

leads to the conclusion that the vibrational pre-excitation itself causes the
increase in the branching ratio. Support for this conclusion can be obtained
from the H/(Cl+ CIl¥) branching ratio in CH3;CFCl, that also seems to
increase upon pre-excitation. The effect of vibrational pre-excitation is also
exemplified in CH3;CFCl, by comparing 235-nm direct photodissociation
with VMP of the fundamental CH; symmetric stretch, lvcy (although the
excitation energy in the former is lower): both CI*/Cl and H/(Cl+ CI¥)
branching ratios increase upon pre-excitation. It is noteworthy that the
branching ratios for 193 nm are lower than for 235nm although the excita-
tion energy in the former is higher.

The effect of vibrational pre-excitation on branching ratios was experimen-
tally and theoretically studied in VMP of other haloalkanes (Sections 8.2.2 and
8.2.3). Those studies indicate that initial vibrational excitation of the alkyl
group alters the branching ratio between the spin-orbit states of the ensuing
halogen by altering the photodissociation dynamics, often via curve crossing. It
is also possible that the increased CI1*/Cl ratio in VMP of CH;CFCl, and
CH;CF,Cl is due to both their direct promotion to A’ states and to curve
crossing to these states that correlate with CI*. The increase of H/(Cl+ CI¥)
branching ratios in the VMP of CH;CFCl, may be related to the initial
extension of the C—H bonds upon the vibrational pre-excitation.

8.2.2 Methyl lodide

8.2.2.1 Photodissociation in the First Absorption Band: General
Background
There has been much interest in photodissociation of methyl iodide, CHsI, in

the first absorption band (the A-band, ~225-335nm) due to its benchmark
role in studying multichannel dissociation of simple polyatomic molecules.”' !
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This is since the symmetric top CH3I fragmentation to I atoms occurs along the
C;, symmetry axis, providing a better model of the linear triatomic system
dissociation than real linear triatomics do because of the strong bending
vibration influence in excited states of the latter molecules. Also, CH;I is a
source of excited iodine atoms, I*, in the active medium of photodissociation
iodine lasers. As shown below, vibrational excitation can control the produc-
tion of I*, hence the special interest in VMP of CH;I.

The literature on the UV photodissociation of CH;l in its first absorption
band is very extensive (Ref. 60, published in 2007, lists 82 papers on UV
photodissociation of CH;l in its first absorption band and states that the list is
far from being complete). In References 51-61 we list only papers dealing
explicitly with VMP or those quoted in the following discussion on VMP of
CH;I. Although updated calculated potential-energy curves for the low-lying
states of CH;I are presented in Ref. 60, we show here a simpler version™ that
contains the basic information needed for our discussion (Figure 8.5). Forming
the A-band, there are three electronic states associated with the excitation,

Absorption

40000

20000

Energy [cm']]

C-I bond length

Figure 8.5 Schematic diagram of the relevant PESs and their dissociation limits for
the A-band of CH3l. In the upper corner the decomposed A-band
absorption spectrum is shown. Reprinted with permission from Ref. 58.
Copyright 1999, American Institute of Physics.
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namely 20, >0, and 'Q; in Mulliken’s notation,®” which can be optically
accessed from the ground electronic state, X' Q,. These states correspond to a
T, a My, A 'TI, and X IZ+, respectively, in the related diatomic HI molecule.

The photophysics of CH;l relevant to VMP is summarized as follows:*® The
A-band is dominated by a parallel transition to the *Q, state that correlates
adiabatically with the products CH;+ I*. Perpendicular transitions to the 'Q,
and *Q, states, which correlate with ground-state iodine atoms, I, are also
allowed optically, but are much weaker,<2% of the total absorptivity. The
experimental observation of a large yield of I atoms with an angular dis-
tribution characteristic of a parallel transition implies that curve crossing takes
place, i.e., crossing at the seam of the *Q¢—'Q; CI. Off-axis nuclear motion that
presumably arises from the zero-point motion of the degenerate (¢) vibrational
modes of CHj3lI couples the two surfaces via the kinetic energy operator. The
balance between the parallel and perpendicular character of this (I) channel is a
direct probe of the contributions from the *Q, and 'Q, states, respectively.
Photodissociation on the *Qy surface is extremely rapid and axial, and the CH;I
retains Cs, symmetry during the initial stages of dissociation. The rapid traverse
from a bound molecule to separated fragments, reflecting the steep walls of the
repulsive electronic states, is confirmed by direct measurement of an appear-
ance time of ~150fs for the fragments using ultrafast pump-probe laser
techniques. For the parallel *Q, « X transition, the transition dipole points
along the C-I bond, thus molecules with bond axes parallel to the E field
direction of the linearly polarized light beam are primarily excited and dis-
sociated along the laser polarization direction. The anisotropy approaches the
maximal value possible f =~ 2 for the I* channel.

8.2.2.2 Photodissociation of Vibrationally Excited CH 3l

Comparison of the geometric structure and normal vibrational modes of
methyl iodide and the methyl radical is instrumental in anticipating vibrational
energy disposal in photodissociation of vibrationally excited CH5I.>® Figure 8.6
shows the energies and nuclear motions for NMs in Cs, symmetry for CH;I and
CHj;. Three CH;3I modes, vi(a;), v4(e), and vs(e) appear in the CHj3 radical as
vi(ay), vs(e), and vy(e), respectively, with essentially the same relative motion
and energy. The energy of the umbrella mode v,(a;) of CH;I (1254 cm ") drops
by half in the equivalent v,(a;) mode of the CH; radical (606 cm ") on removal
of the I atom. Two CH;l modes disappear, vi(a;), the C-I stretch, which
couples directly into the dissociation coordinate, and ve(e), the degenerate
methyl rock. Based on this very qualitative picture alone, (ignoring, e.g., the
topological features of the PESs) it can be anticipated that vibrational energy in
the CH5I modes, v(a;), v4(e), and vs(e), would appear as vibrational energy in
the CH; product, while energy in vs(a;), the C-I stretch, would appear as
increased translational energy. vg(e), the degenerate methyl rock, should be an
important coupling mode for promoting curve crossing, and v internal energy
could appear in the methyl fragment as transverse recoil in the form of
increased out-of-plane rotation or as excess translational energy.
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Figure 8.6 Energy and symmetry (Cs, nomenclature) of the NMs of CH;I and the CH;
radicals. The relative nuclear motions are shown schematically. Reprinted
with permission from Ref. 58. Copyright 1999, American Institute of Physics.

In the VMP experiments described below, photodissociation at different
wavelengths across the A-band of a molecular beam of CH;I was carried out.>®
The source of vibrational population of the ground electronic state of CHI was
thermal. State-selective detection of the I, I*, and CH;(v) photoproducts was
performed using VMI. At room temperature, the Boltzmann population of the
lower-energy CH;lI vibrational modes is v3(a;) ~8% and the doubly degenerate
ve(€) ~5%. Vibrational cooling in a supersonic expansion is much less efficient
than rotational cooling, especially for higher-energy vibrations. Since, to pre-
clude signal from clusters, the early stages of the molecular-beam expansion
was probed, a significant portion of the initial room-temperature population of
vibrationally excited molecules was encountered.

In the measured photofragments kinetic-energy release curves obtained in the
photodissociation of CH;L>® an extra peak for CH5(v=0) in both I and I*
channels was observed at higher kinetic-energy release. This is indicative of
molecules excited in a CHsl vibrational mode that couples into the dissociation
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coordinate, most likely vy (C—I stretch) of CHsI. A Lorentzian fit to the angular
distributions for the I channel CH3(v=0) peak suggested that two contribu-
tions (peaks) were present, one from cold CH;l, yielding v=0 CH; with
f=1.7, and the second a channel ~900cm ' higher in energy with a slightly
negative beta parameter, ~—0.2. An extra energy release of ~900cm™' cor-
responds very well with the dissociation of CH;l excited in ve=1 (883cm™"),
the degenerate CH; rocking mode. This peak-to-peak spacing also implies that
the vg vibrational energy is fully converted into translational energy release.

From a careful analysis of the above-mentioned and of additional experi-
mental results,” the role of the vs(a;) symmetric C—I stretch and the vg(e)
degenerate methyl rock in the photodissociation dynamics CHsI can be sum-
marized as follows. The C-I stretch excitation appears as excess translational
energy exclusively in the I* channel, with an angular distribution identical to
that of the ground-state CH3I molecules very near the maximum parallel ani-
sotropy (i ~1.9). A totally symmetric vibration does not appear to enhance
curve crossing or change the relative absorption strengths of the *Q, to >0,
states. The absolute absorption strength to the Q, state was greatly enhanced,
however, far beyond the expected population of these levels at room tem-
perature. Moreover, even the vy =2 state of CH3I was observed, although it has
a Boltzmann population at room temperature of less than 1%. FC overlap is
clearly much stronger for the higher v; levels, as calculated in Refs. 55 and 57.
From Ref. 55 an enhancement of at least a factor of 20 for v3=1 and 100 for
v3=2 can be expected.

It was found that CH;I in the v¢ mode leads to CH; fragments in the v=0
state, primarily in the I channel, and a perpendicular angular distribution.’® The
channel specificity of the two CH;3l vibrational modes is quite strong. There are
many possible explanations for the behavior of the v¢(¢) mode. One possibility
is that the *Qy state remains the upper state in the optical excitation but that the
transition becomes perpendicular, ie., *Qg(a) « X(e) is a perpendicular
transition, with the fragments ejected preferentially in the horizontal plane. An
(e) symmetry mode is expected to greatly enhance curve crossing, thus the
production of I atoms. It might then be expected that the angular distribution
for the vg contribution would be = —1. The analysis of the results suggests a
lower value, f=—0.2. This could be consistent with a partial contribution
(~25%) from the 3Q1 state, i.e., 3Q1(e) «— X(e), which would thus give a
parallel fragment angular distribution (correlating directly with the I channel),
raising the overall beta from —1 to —0.2.

To conclude the section on methyl iodide we mention additional points
inferred in theoretical works that are relevant to the interpretation of the VMP
of this molecule. Comparing the influence of bending in CH3I vs. CDsl it was
found that parent bending motion (e.g., vg(e), but any e-symmetry vibration
contains bending) has a significant effect on the final electronic branching of
dissociation fragments.>® The calculation generated a larger I* yield from the
CDsl dissociation than that from CHj;l, The oscillator strength is largely car-
ried by the *Q, state that diabatically correlates with the I* channel. Thus, the
fragment I is largely produced via nonadiabatic transitions from the *Q, state
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to the 'Q,, state. A smaller amplitude in the bending coordinate in CDsl, as
compared to CH3l, results in a weaker interaction between two diabatic sur-
faces, and leads to a larger I* yield. These results are in line with the conclusions
of the work on VMP of CF;l presented below in Section 8.2.3.1.

A comprehensive ab initio study of CH;l photodissociation, including vibra-
tional state control of the I* quantum yield, is presented in Ref. 61. The com-
putational method employed was based on a combination of the multireference
configuration interaction approach and relativistic effective core potentials.
Dipole and transition moments for the ground and low-lying excited states of
CH;l, and on this basis partial and total absorption spectrum of the 4-band and
the I* quantum yield as a function of excitation energy were calculated.

The calculated 3Qy, *Q;, and 'Q, « X transition moments show a strong
dependence on the C-I distance in the FC region, which is opposite for the
parallel and perpendicular transitions. This makes the assumption of constant
values for these quantities, which was previously employed for obtaining the
corresponding potentials from experimental data and modeling the A4-band
partial contributions, a poor approximation. On the basis of the calculated
absorption data, the I* quantum yield was determined as a function of exci-
tation energy. It is shown that the strong dependence of the relevant transition
moments on the C—I distance opens up a possibility for vibrational state control
of the final photodissociation products. It is demonstrated that I* quantum
yields up to 0.9 can be achieved when vibrationally hot CH;I molecules, v=1,2
of the C-I stretch, v; 528 cm ™' mode (the vs 883 cm ™' mode or other modes
were not included in the calculations) are excited in the 32-35x10°cm™'
spectral range. This effect also reveals itself in a strong temperature dependence
of the I* quantum yield values, particularly in the low-energy part of the 4-
band. It is emphasized that vibrational state control of the I*/I branching ratio
in CHsI photodissociation has an electronic rather than a dynamic nature. Due
to a different electron density distribution at various molecular geometries, one
achieves more efficient excitation of a particular fragmentation channel rather
than influences the dynamics of the decay process. The results presented in this
work®! imply that photoexcitation of the vibrationally hot CH5I molecules in
the above energy range provides a good possibility for obtaining more efficient
laser generation at the atomic I* — I transition.

It is worth noting that complete, coherent control of the photoproducts in
multipath two-photon dissociation of CH3I was computationally demonstra-
ted.>>>* The v, and v; vibrational levels in the ground electronic state were
used, respectively, as intermediates in the two-photon dissociation pathways.
The control is achieved by interference of the quantum pathways on the
competing channels.

8.2.3 Other Haloalkanes

In pioneering experiments on VMP of haloalkanes, the v mode of CFsI was
excited by a CO, laser at 9.6 um® and the v¢ mode of CH;Br by a CO, laser at
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10.6 um.** In both cases it was concluded that vibrational pre-excitation
enhances the photodissociation. In later VMP experiments on CF5I® (as on
CH;I, Section 8.2.2.2 above), low-lying vibrational states were thermally
populated. In the other experiments,”*®" pre-excitation in the region of the
second, third and fourth CH overtones was carried out using IR/VIS lasers.
Of the vast amount of work carried out on VMP of the “other haloalk-
anes”, %> we dwell here, mainly, on the branching ratio of the atomic

photoproducts.>®-0>%7

8.2.3.1 CF;l

Photodissociation of vibrationally excited CFzl (prepared by heating the
sample) was found to increase the branching to ground-state I products.®® The
experiment tested a model for the dependence of I/1* branching at a CI on the
amplitude of the dissociative wavefunction at bent geometries. An increase was
observed in the branching from 13% to 17% I photoproducts when the tem-
perature of the CFsl parent was increased from 100 to 400 °C, in agreement
with the qualitative prediction of the model. The experiment demonstrated the
importance of the initial vibrational eigenstate in moderating nonadiabatic
effects in molecular photodissociation. These findings are in line with the above
results on comparing the influence of bending in CH;I vs. CD5I°° quoted in
Section 8.2.2.2.

8.2.3.2 CH;Cl and CHD,CI

An increase in the branching into Cl* was observed in VMP of CH;CI*¢-%%-7°
and CHD,CI1”° pre-excited to the fourth overtone of the C—H stretch, with a
larger increase in the former,”® Also, the total yield of atomic Cl fragments
from the VMP of CH;Cl was significantly higher than for CHD,Cl, more than
can be accounted for by differences in the cross sections for overtone excitation.
This suggests that state mixing leads to greater amplitude of the wavefunction
of the vibrationally excited level along the dissociation coordinate in CH;Cl
than in CHD,Cl. The observed differences in the CI spin-orbit branching in the
photolysis of ground state vs. vibrationally excited molecules were ascribed to
differences in the nuclear dissociation dynamics, rather than access to other
excited electronic states.”” An increase in CI* was also observed in CH;ClI pre-
excited to the second and third overtones.”'

A slight preferential formation of D over H atoms in the 243-nm VMP of
CHD-CI (vey = 5) was found.”® This result is quite interesting, in view of the
observed preference for H atom formation in the photolysis of ground-state
CHD,CI. The excited vibrational level is accessed through the oscillator
strength associated with the fourth C—H stretch overtone transition. Since for
ven =5 there is strong coupling of C—H and C-D stretch excitation,”>’¢ it
would be very interesting to determine the ratio of the H to D atom yields in the
VMP of other overtone excited levels of CHD,CI. In particular, vibrational
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energy levels associated with lower C—H stretch overtone excitation (vey < 4)
are predicted to have considerably less C—D stretch excitation character,
because of the detuning of the zero-order C—H and C-D anharmonic vibra-
tional levels with decreasing vepy.”®

8.2.3.3 CH,CI,

The intramolecular dynamics in the VMP of dichloromethane was studied via
~235-nm photodissociation of pre-excited CH,Cl, in the regions of the sec-
ond,”*"* and of the third and fourth” overtone stretches (vey =3-5). The
action and PA spectra exhibit a multiple-peak structure corresponding in terms
of NM and LM models to C—H stretch overtones and combinations of C—H
stretches and bends. The splittings between the features reflect subpicosecond
redistribution times between the stretch-bend states, which are between those
encountered for molecules with isolated C—H and methyl groups. The energy
flow from the C—H to the C—Cl bond is evident from the increased ground and
spin-orbit-excited chlorine yield. The CI*/CI branching ratio in the VMP is
higher than that obtained in the direct, almost isoenergetic, 193-nm photo-
dissociation of CH,Cl, and is suggestive of dynamics proceeding more non-
adiabatically in the former. The nonadiabaticity of the process is also
supported by the measured anisotropy parameters. These parameters are lower
than the limiting values of a pure A” « A’ parallel transition, indicating
involvement of A’ states, which nonadiabatically interact to alter the CI*/Cl
ratio in the VMP.

It was suggested”? that although ground-state CH,Cl, is of C,, symmetry, the
initial CH vibrational excitation and the energy redistribution impact the
geometry, distorting it and reducing its symmetry to C in the FC region. This
facilitates transitions from the vibrationally excited state of the A’ ground state
to repulsive states where 4’ and A” states interact. This conclusion is supported
by spin-orbit ab initio calculations on the photodissociation of CH,Cl,.”*

8.3 VMP of Phenol

Phenol is the chromophore of the aromatic amino acid tyrosine and its pho-
toinduced processes have emerged as a prototype for the exploration of the
electronic spectroscopy and photochemistry of aromatic biomolecules. A time-
dependent quantum wavepacket description of the photochemistry of phenol,
including VMP, is presented in Ref. 77 and general background to the pho-
todissociation of phenol, including from hot bands, is given in Ref. 78. The
PESs of phenol relevant to VMP studies’® are presented in Figure 8.7. Elec-
tronic-structure calculations, summarized in Ref. 77, revealed that the UV
photochemistry of phenol essentially involves the three lowest electronic states
So, 'nr*, and 'mo*. The first excited state, corresponding to excitation from the
highest-occupied molecular orbital (HOMO) of m character to the lowest
unoccupied molecular orbital (LUMO) of n* character, is the origin of the
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Figure 8.7 PESs of phenol. The 'nr* state origin lies 36 350 cm™' (4.507 eV) above the
%round state. The 'mo* state forms a CI (marked by a solid circle) with the
nn* state at about 40300cm ! (5.0eV). The second CI (marked by a
dotted circle) is between the 'mo* state and the ground state. The dis-
sociation energy to the ground state is 30015+40cm ' and the excited
phenoxyl state energy is 8900cm ' above the ground state. The arrows
show the vibrational and electronic excitation in the VMP experiments.
Reprinted with permission from Ref. 79. Copyright 2008, American
Institute of Physics.

absorption band around 4.5 eV. The second excited state corresponds to the
excitation to the Rydberg type 3s orbital and is optically dark. This 3s Rydberg
orbital has a significant antibonding o* character with respect to the OH bond,
opening a pathway for hydrogen abstraction. Along this coordinate, the 'tc*
state intersects the other two states, resulting in two curve crossings that
become Cls when out-of-plane modes are taken into account. Due to the
existence of a CI between the bright 'nn* state and the dark 'mo* state, the
population of the bright state can be transferred to the dark state through an IC
after excitation.

The presentation below of the VMP experiments on phenol follows Ref. 79.
In these experiments an IR photon was used to excite the O—H stretching state
(v1) of partially deuterated phenol (phenol-ds, CsDsOH) and a UV photon to
transfer it to the 'nn* electronically excited state. (3+ 1) REMPI, in combi-
nation with VMI detection, monitored the H atoms produced following the
electronic excitation. The H-atom velocity distributions were converted to a
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recoil-energy distribution. Electronic action spectra were obtained by mon-
itoring the H atoms from the photodissociation of phenol-ds while varying the
wavelength of the electronic excitation laser. Phenol-ds was used to suppress the
large background H-ion signal that comes from (1+ 1) REMPI of phenol by
the photolysis pulse and dissociation of the resulting cations by the probe pulse.
Deuterating the C—H bonds eliminated the part of the background signal that
comes from the hydrogen atoms on the phenyl ring.

The total recoil-energy distributions from VMP and one-photon photo-
dissociation of phenol-ds are shown in Figure 8.8. The most striking result is
that dissociation of phenol-ds molecules with an initially excited O-H
stretching vibration produces significantly more fragments with low recoil
energies than does one-photon dissociation at the same total energy, in parti-
cular for the higher excitation energies. The intensity of the prominent high-
energy feature at 12000cm ' decreases in favor of a lower-energy feature, an
observation that is consistent with increased production of electronically
excited phenoxyl-ds fragments.

These results were rationalized”’ in accordance with the above-mentioned
theoretical predictions.”” The enhanced yield of low recoil energy fragments
compared to one-photon dissociation suggests that initial excitation of the O-H
stretch promotes the formation of excited-state phenoxyl fragments. At one-
photon excitation energies above the 'nn*—'no* CI, phenol molecules can pass
through the intersection and dissociate directly on the 'mo*state to make high
recoil energy (12000cm™ ') fragments. In addition, some of them internally
convert and decay statistically on the ground electronic state with low recoil
energy. Excitation from an initially excited O—H stretching state to the same total
energy changes the situation substantially to produce more low recoil energy
fragments. These fragments are mostly excited-state phenoxyl radicals resulting
from passage around the 'mo*-S, CI and dissociation on the excited-state
potential. The situation is more complicated at lower total energies, where the
excitation is above the 'mmn*~'mo* CI only with the inclusion of the O-H
stretching excitation. Because energy tied up in O—H stretching does not promote
passage through this CI, IC, with or without preservation of O-H stretching
excitation, becomes more important. This competing pathway decreases both the
direct dissociation to produce ground-state phenoxyl fragments with large recoil
energies and the passage around the 'no*—S, CI to produce excited-state phe-
noxyl fragments. The inference of enhanced production of excited phenoxyl
fragments from phenol molecules with an excited O-H stretching vibration at
higher total energies agrees qualitatively with the predictions of the theoretical
work’’ that O-H stretching excitation promotes the adiabatic decomposition.

8.4 VMP of Other Larger than Tetratomic Molecules

In the previous sections of this chapter we presented examples where a variety
of features of VMP were observed and interpreted. Most of these features were
observed also in other “larger than tetratomic” molecules and the reader of the
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Figure 8.8 (a) Total recoil-energy distributions from VMP (dark trace) and one-
photon (light trace) photodissociation of phenol-ds at a total excitation
energy of Eexeir=47132cm™'. (b) Distribution from VMP at Eg. =45
984cm . (c) Distributions for Eu =43 656cm . (d) Distributions for
Eexcit=42326cm . The vertical arrows mark the maximum recoil ener-
gies possible for excited-state phenoxyl, (a) 8230, (b) 7080, (c) 4756, and
(d) 3430cm . Reprinted with permission from Ref. 79. Copyright 2008,
American Institute of Physics.
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previous sections should be able to follow the rather brief description and
interpretation of the VMP of these molecules, presented below. For con-
venience we present these “other” molecules in three groups. The first group,
Section 8.4.1, deals with molecules containing OH, where, mostly, O-H stret-
ches were initially excited.**™® The second and third group deal with molecules
where C—H stretches (or combination of these stretches and other modes) were
initially excited, acetylene homologues'’*%*%® in Section 8.4.2 and ethene
isotopologues” ! in Section 8.4.3. In all groups the VMP dynamics was
studied, but in the last two a significant part of the work was devoted to
application of the VMP to vibrational spectroscopy, including assignment of
vibrational states. In addition to these three groups we very briefly describe, in
Section 8.4.4, VMP related work on UF.

8.4.1 HONO,, (CH3);COOH, CH3;0H, NH,OH, HO,NO,
and CH;00H

8.4.1.1 HONO> ns and fs-ps VM P Studies

In one of the earliest detailed VMP studies of a relatively large molecule, nitric
acid, HONO,, was excited in the region of the third overtone of the O-H
stretching vibration (4vop).5%*1"®> The OH fragment, detected by LIF, deter-
mined the energy partitioning and identified the influence of vibrational exci-
tation prior to dissociation. VMP using 755- plus 355-nm photons deposited
more energy in relative translation than the isoenergetic one-photon dissocia-
tion using 241-nm photons. The former process also produced three times more
vibrationally excited OH fragments, and both processes formed electronically
excited NO,, which received over three-quarters of the available energy.
The latter observation is probably due to the fact that the electronic
excitation is primarily localized on the NO, chromophore. In addition, it was
found that vibrational overtone excitation enhanced the cross section for the
subsequent electronic excitation by about three orders of magnitude. The
observed differences are consistent with the motion of the vibrationally excited
molecule on the ground electronic state surface strongly influencing the dis-
sociation dynamics by allowing access to different electronic states in the
photolysis step.

VMP experiments on HONO, were also carried out in the fs-ps time
domain.®® The first overtone of the O-H stretch vibration in HONO, was
excited with a 100-fs laser pulse. A second, time-delayed pulse preferentially
photodissociated molecules having vibrational excitation in modes orthogonal
to the O-H stretch. The photodissociation yield increased as a function of
time because energy flows out of the initially excited O—H bond into other
more efficiently dissociated vibrations. A single exponential was observed
for this intramolecular vibrational relaxation with a time constant of 12 ps.
This is consistent with moderate coupling of the O—H stretch to states close in
energy.
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8.4.1.2 (CH;);COOH

The VMP of tert-butyl hydroperoxide (TBH), (CH3);COOH, is similar to that
of HOOH in the sense that both molecules contain O-O bond that is broken
upon photodissociation. As in some of the studies of HOOH (Section 7.4.1), in
the VMP study of TBH the 4voy vibrational level was excited with a
~13300cm ™" photon and a second photon with the same energy dissociated
the molecule.®'*? Comparison of the energy disposal in the VMP with that for
the isoenergetic one-photon dissociation at 376 nm, illustrated the unique
dynamics that can occur when vibrational excitation precedes photodissocia-
tion in this large molecule. Single-photon photolysis produced fragments with
large recoil velocities, while VMP produced slowly recoiling fragments having
substantially more energy in internal excitation.

The OH products have less rotational energy than those obtained from the
corresponding process in HOOH. Also, less energy is released into translation
for TBH than for HOOH and HONO, (previous section) and no evidence for
the formation of OH(X °II, v=1) was found. This again contrasts with the
results for HOOH and HONO, in which ~11% and ~5% of the OH frag-
ments are formed vibrationally excited in the VMP process, respectively. The
total energy deposited in the parent molecule in the TBH experiments is ~26
600 cm ™', which exceeds the threshold for O-O bond fission by ~ 12 300cm .
This excess energy is partitioned among the translational, rotational and
vibrational degrees of freedom of the (CH3);CO and OH photofragments, but
very little of this excess energy is retained in the OH fragment. This is consistent
with the t-butyl group in TBH providing an energy “‘sink’ that retains much of
the excess energy in the numerous internal quantum states of the (CH3);CO
fragments.

An important issue is the extent of O—H and C—H vibrational mode mixing in
TBH. Initial C—H overtone excitation might be expected to be less efficient as
compared to O—H overtone excitation in promoting further photon absorption
and subsequent dissociation. However, the weakness of the C—H overtone
transitions in this region did not enable, thus far, this issue to be addressed

properly.

8.4.1.3 CH;0H

Unlike the other molecules discussed in this section, but like water, theoretical
studies® of VMP of methanol, CH;0H, preceded the experimental studies.®” In
the theoretical work, photodissociation of CH3OH in the first absorption band
(S < Sp) was investigated by a two-dimensional wavepacket study employing
the associated internuclear PESs obtained from ab initio calculations. The
emphasis in this work was on exploring the effect of excitation of the O—CHj;
mode, prior to excitation with the photolysis photon, on the photodissociation
channels. The branching ratio for the CH; + OH and CH;O + H channels was
shown to exhibit a drastic dependence on the initial vibrational state of CH;OH
as well as on the energy of the dissociating photon. Whereas dissociation of the
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vibrational ground state yields exclusively the CH;O + H products, increasing
the excitation of the O—CHj3 mode access more and more of the CH;+OH
channel. However, excitation to levels with at least five or six quanta in the O—
CH; mode are required to obtain a reasonably large yield of OH radicals. It was
suggested that a proper selection of the initial vibrational state and of the
dissociating photon frequency should enable control of products to be exerted
to obtain branching ratios spanning several orders of magnitude.

In the experimental work,®” preparation of the O-H fundamental stretch of
jet-cooled CH;OH was followed by its excitation to the S} surface and the
ensuing H photoproducts were monitored by 2+ 1 REMPI. It was found that
the maximum in the electronic excitation action spectrum of the vibrationally
excited molecules is about 2600cm ™' lower in energy than that for ground
vibrational state molecules. Using ab initio calculations of portions of the
ground and excited PESs, the vibrational wavefunctions were calculated and
the electronic excitation spectra simulated, using the overlap integral for the
bound and dissociative vibrational wavefunctions on the two surfaces. Quali-
tative agreement of the calculation with the measurement suggests that at the
energy of the fundamental vibration the O—H stretch is largely uncoupled from
the rest of the molecule during the dissociation. The lack of coupling to the rest
of the molecule is in line with the findings of the above-mentioned theoretical
work® where coupling to the C—O bond was explored.

84.1.4 NH,OH

One-photon dissociation and VMP of hydroxylamine, NH,OH, pre-excited to
the 4voy and S5voy vibrations were compared and discussed in terms of ab initio
calculations.®® Ground-state NH, and OH photoproducts were detected by
LIF and electronically excited NH, via its fluorescence. The variety of dis-
sociation channels accessible at total energies below 42000cm ™' that were
applied in these experiments can best be presented graphically as in Figure 8.9.
However, in all cases the NH,(X ?B;)+ OH(X *IT) channel dominated, the
other significant channel, NH»(A4 >4,) + OH(X °II), being only a minor one.
The ab initio calculations, which are in good agreement with the experimental
observations, led to the conclusion that in both the one-photon and VMP
experiments the S; singlet state is initially excited. Its character, however,
changes drastically close to the FC region, where the lowest-excited 4’ and 4”
states cross. The A’ state correlates with NH,(A4 >4,)+ OH(X II) and the 4”
state with NH,(X 2B;)+ OH(X °II). The most striking feature of the VMP
experiments is the absence of any vector correlation, in particular the loss of
rotational alignment and A-doublet preference. This is in contrast to the one-
photon dissociation at 240 nm, where torsional excitation during the dissocia-
tion step leads to rotational alignment of the OH fragments and a preferential
population of the IT (4”) component of the A-doublet. Both are lost after
isoenergetic two-photon excitation via O—H stretching overtones of NH,OH. In
addition, in the 240-nm dissociation most of the excess energy (20 550 cm™") is
released into relative translation (53%) and NH, internal energy (40%, mostly
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Figure 8.9 Dissociation channels accessible at total energies below 42000cm ™" in the
VMP experiments on hydroxylamine. Reprinted with permission from
Ref. 86. Copyright 1999, American Institute of Physics.

vibrational). OH carries little internal energy (7%), most of it in the form of
rotational excitation. In the VMP experiments, higher internal excitation of the
NH, fragments (~50%) is observed, at the expense of relative translation. At
lower total excitation energies the relative translation takes up an increasing
fraction of the total excess energy ( > 80% at 5820cm ' of excess energy).

8.4.1.5 HO>NO;

The interest in peroxynitric acid (PNA), HO,NO,, stems from its role in
atmospheric chemistry.®® PNA is formed in the atmosphere via a three-body
recombination reaction involving the HO, and NO, radicals and, hence, pro-
vides a temporary reservoir for these species. Apart from its reaction with OH,
photodissociation constitutes an important removal mechanism for atmo-
spheric HO,NO,. Vibrationally excited PNA in the vicinity of its first OH-
stretching overtone (2v;) was dissociated via electronic excitation using 390-nm
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light.®® The nascent energy distribution of the resulting OH fragments was
probed using LIF at sub-Doppler resolution. It was found that for the minor
OH +NO; channel, 55% of the ~19600cm™"' available energy goes into
relative translation of the two fragments and 45% into internal excitation. In
addition, electronically excited NO, associated with the dominant HO, + NO,
channel was also observed. The NO, fluorescence intensity was sufficiently
intense to allow action spectra of both the 2v; and v; +2v; bands to be recor-
ded. Comparing integrated intensities of these bands appearing in the state-
selected action spectra with their known infrared absorption cross section
enabled determination of the quantum yield for unimolecular dissociation for
the predissociative 2v; level. The quantum yield for unimolecular dissociation
of the HO,NO, 2v; state was determined to be ~30+ 5% in the absence of
collisions at 298 K.

84.16 CH;00H

Like HO,NO,, the interest in methyl hydroperoxide (MHP), CH;OOH, stems
from its role in atmospheric chemistry.®® It is readily photodissociated by near-
UV light to produce OH and its traces in the atmosphere serve as a reservoir for
OH and HO, radicals. In the VMP study of MHP the OH-stretching overtones
and OH stretch-HOOC torsion (about the O-O bond) combination bands
prepared in the 2vop—Svop regions were investigated using action spectro-
scopy.®®® Results for the room-temperature spectra suggest that the coarse
vibrational structures appearing in the spectra can be understood to a large
extent by using a simple 2D vibration—torsion model involving the OH stretch
and HOOC torsion. However, investigation of the jet-cooled action spectrum
for the 2voy band along with results of ab initio calculations reveals that the
dependence of the transition dipole moment on the HOOC torsion angle
cannot be neglected when simulating intensities of the OH-stretching overtone
bands. The calculations show that transitions between torsional levels of dif-
ferent symmetries contribute to a significant degree to the intensities of the
corresponding OH-stretch overtone bands. These transitions are not allowed
by a simple FC model but occur when the proper dependence of the dipole
moment u(r,t) on the torsional angle 7 is accounted for.

8.4.2 Acetylene Homologues

VMP studies of three acetylene homologues, (normal) propyne (H;CC=
CH),' 794939798 propyne-d; (D;CC=CH)*****° and 1-butyne (H;CH,CC=
CH),”" 939698 were carried out. Their presentation is hereafter divided into two
sections: the first (8.4.2.1) concentrates on photodissociation dynamics aspects
and the second (8.4.2.2) on applications to vibrational spectroscopy of which
only the highlights are briefly reported. In these studies jet-cooled action
spectra were compared to room-temperature PA spectra and to simulated
spectra. The photodissociation was carried out at ~243.1 nm, the ensuing
H(D) photofragments being monitored at this wavelength (243.135 and
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243.069 nm for H and D (2+ 1) REMPI through the 25 %S « ls %S two-photon
transition).

8.4.2.1 Photodissociation Dynamics

Propyne and 1-butyne contain two chemically distinct types of C—H bond,
acetylenic and alkylic (in 1-butyne there are two types of alkylic bonds) and it is
of interest to find out which of these bonds is photolyzed at a given excitation
energy and if it depends, despite fast IVR, on pre-excitation of different modes.
For propyne the C—H bond dissociation energies of the acetylenic and methylic
bonds are ~45540 and ~31230cm ™', respectively.'%? It was therefore sur-
prising that several studies in the 1990s concluded that photodissociation at
193.3nm of vibrationless ground-state H;CC=CD,'®* D;CC=CH'** and
H;CC=CH'** 1% result in cleavage of the acetylenic C-H(D) bond rather than
the much weaker methylic bond. Indeed, the results presented below of later
photodissociation studies, both of vibrationally pre-excited propyne iso-
tpologues!'7-36:89-90-94.95.97.98 4 nq of vibrationless ground-state species,'?” 10%:10%
contradicted the results of the previous studies. In sections (a) and (b) below
we compare the results of the VMP studies of propyne-d; and propyne,
respectively, to those of one-photon dissociation studies and in (¢) we do the
same for 1-butyne.

(a) D;CC=CH. VMP of D;CC=CH (propyne-d;)****° pre-excited to the
regions of the third (4vcp) methyl overtone and to second (3v;) and third
(4vy) acetylenic C-H overtone, with respective combined energies around
49845, 50810 and 53880cm ™' was investigated. These energies are slightly
below and above the energy of 193.3-nm photons, 51 730cm™"', which was
used for photodissociation of propyne isotopologues in the above-mentioned
previous studies.'®> % Detection of the H and D photofragments via Dop-
pler and action spectroscopy ®**° showed that the production of both frag-
ments is, mainly, with low but similar translational energies and with
propensities toward D. These features of the H and D photofragments in
the VMP studies agree very well with those reported on photolysis at ~203—
213nm'"” and 193.3nm'®® of propyne and propyne-ds, but contradict the
previous studies.'®1% [n particular, the statement of Ref. 103, that
H;CC=CD on 193.3-nm photodissociation yields only D atoms in spite of
the fact that the C—H bond is much weaker than the C-D bond, seems to be
in sharp contrast to the preference of D production in the nearly isoenergetic
VMP of D;CC=CH where the C-H stretch is pre-excited.?**%

In line with the conclusions of Ref. 107 and 108 (see more details in the next
section), the translational energy disposal and the preference of D production
in the VMP studies were suggested”® to be the result of a fragmentation process
preceded by IC to the ground-state PES, isomerization to allene (e.g. to D>C
=C=CHD) and finally unimolecular decay. For molecules pre-excited to the
3v, and 4v; acetylenic C—H stretch, an additional minor channel was observed”’
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and considered to be a result of H-atom elimination from the acetylenic C—H
bond, directly on the upper excited electronic state.

(b) H3CC=CH. VMP of H;CC=CH (propyne) was studied for species initi-
ally excited to the regions of the first through the fourth overtone of the
C-H methyl stretches'”**°7?% as well as to the second and third C-H acet-
ylenic stretches.”>”® The translational energy disposal, obtained via detection
of the H photofragments applying Doppler spectroscopy, led to the conclu-
sion that regardless of the pre-excited mode, the ensuing H atoms originate
from cleavage of the methylic CH moiety. This suggests a similar dissocia-
tion mechanism to the above-mentioned mechanism for D;CC=CH.3¢-8%-%

Some more details on the comparable studies of the one-photon dissociation
of H;CC=CH,'""'%® relevant to the VMP work, are in place here. In these
studies the photodissociation dynamics of jet-cooled H,C=C=CH, (allene) and
H;CC=CH molecules following excitation at ~203-213nm'?” and 193.3 nm'*®
was investigated by H-atom HRTOF PTS. The total kinetic-energy release
spectra of the H atoms resulting from photolysis at a given wavelength in both
molecules were found to be essentially identical. The form of these spectra
could be reproduced reasonably well by a simple statistical model that assumed
population of all possible vibrational states of the C;Hj partner, providing this
partner was assumed to be the H,C—C=CH (propargyl) radical. This could be
rationalized if, for both molecules, IC to, and isomerization on, the S, state
PES preceded fragmentation. The isomerization rate of the resulting highly
vibrationally excited S, in both molecules was assumed to be faster than their
unimolecular decay rate. It is worth noting that additional evidence contra-
dicting the conclusion of the previous studies'?* 1% of exclusive acetylenic bond
fission was inferred from the formation of the H,C—C=CH radical in the 193.3-
nm photolysis of H;CC=CH.'??:10%

The interpretation”®” of the energy disposal in VMP of H3;CC=CH is
similar to that for the one-photon dissociation. The potential-energy levels of
H;CC=CH showing its isomerization to H,C=C=CH, and the different
vibrational pre-excitation schemes in the VMP experiments are depicted in
Figure 8.10.

(c) H;CH,CC=CH. The VMP of H;CH,CC=CH (l-butyne) was studied
for the regions around the first through the third overtone of the C-H
ethyl”’®*%® and C-H acetylenic’®”® stretches. The strengths of the two types
of C-H bonds are ~30330 and ~45650cm ™ 'for the ethylic''® and acet-
ylenic bond, respectively, the latter strength being estimated from that of the
lower homologue, propyne.'?® In the photodissociation dynamics studies’*?>
all the ethylic hydrogens were considered to be similar due to lack of data,
although the two C-H bonds in the methylene moiety might be somewhat
weaker than that of the three in the methyl.

From the H-atom Doppler profile obtained following ~243.1-nm photo-
dissociation of 1-butyne pre-excited to the 2v, 3v; and 4v, acetylenic stretches,
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Figure 8.10 Schematics of the potential-energy levels of propyne (H;CC=CH)
showing its isomerization to allene (H,C=C=CH,) and possible H-atom
loss channels following 243.135-nm photodissociation of propyne initi-
ally excited to the first through the fourth overtone of the C—H methyl
stretches (a similar isomerization mechanism is envisaged for VMP with
initial excitation to the second and third C-H acetylenic stretches).
The two lower dashed lines mark the bond dissociation energies for the
preferential photodissociation channels and the upper dashed line for the

acetylenic bond cleavage. Reprinted with permission from Ref. 94.
Copyright 2005, American Institute of Physics.

the average translational energy (Er) of both fragments, ~4200cm ™', was

calculated.”>?® The respective combined energy (IR +UV) allocated to the
parent is ~47670, ~50810 and ~53880cm !. The respective available
energy, E,,1, of the IR + UV photons over that required for C—H bond cleavage
is ~ 17340, ~20490 and ~23550cm ™" for the ethylic and ~2160, ~ 5160 and
~8230cm ™! for the acetylenic bond. The FE,,; values for the ethylic bond fis-
sions are significantly higher than (Er), whereas for the acetylenic bonds they
are lower, comparable and higher for 2v;, 3v; and 4v; pre-excitation, respec-
tively. Since E,,; should a/ways be higher than (Er), it is unlikely that significant
release of hydrogen atoms occurs through their direct release from the acet-
ylenic site. However, considering bond fission through the ethylic site indicates
that the fraction of E,, channeled into the photofragments’ (Er), f7, for
photodissociation of 1-butyne initially excited to 2v;, 3v; and 4v; is 0.24, 0.20
and 0.18, respectively. These low values may indicate that the bond fission that
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presumably occurs through the ethylic bond does not take place directly on the
upper PES but rather after IC to the ground electronic state. Moreover, if IC
occurs another possibility could be raised, the subsequent isomerization of
1-butyne to 1,2-butadiene (H,C=C=CHCH3) or other forms of C4Hg. We note
that this resembles the isomerization of propyne to allene discussed above.

8.4.2.2 Applications to Vibrational Spectroscopy

In this section we briefly present some highlights of the extensive analysis of the
vibrational spectroscopy of HyCC=CH (propyne)'"**?>°7% and HyCH,CC=
CH (1-butyne) %% based on their VMP studies. These molecules are
appealing candidates for studying patterns of vibrational spectroscopy and
vibrational energy flow since the two types of hydride oscillators, C—H acet-
ylenic and alkylic stretches, may exhibit differing dynamics. The fundamental
frequencies of the alkylic stretches are lower (around 2940cm™') than the
acetylenic C-H stretch (around 3335cm™'),"""''3 implying poor coupling
between them. Coupling of the C—H acetylenic site to the rest of the molecule
is also weak due to the 5:1 ratio between the frequencies of the C—H acety-
lenic stretching and bending. This ratio is high compared to the 2:1 stretch-
deformation ratio, related to the Fermi resonance, in C—H oscillators of
alkanes.

Vibrational transitions to hydride overtone oscillators, which are weak in
direct excitation, were readily observed by action spectroscopy, even at the low
densities of the molecular beam, due to favorable FC factors that lead to
enhanced signals relative to those obtained from dissociation of vibrationless
ground-state molecules. Comparison of action spectra of jet-cooled molecules
to room-temperature photoacoustic (PA) spectra accompanied by simulations
provided a means for distinguishing between the homogeneous and inhomo-
geneous structure of vibrational transitions. The analysis of the overtone
spectra of acetylenic C—H stretches and alkylic C—H stretches then provided a
comparison between the two. Furthermore, analysis of the spectra of the alkylic
C-H in terms of LM/NM and NM models brought additional insight into the
role played by the intramolecular dynamics in IVR.

The main features of the vibrational spectra and intramolecular dynamics as
obtained from the experiments and simulations can be summarized as fol-
lows.”® The 3v, and 3v; + v+ vs bands in propyne, where 3v; is the acetylenic
stretch and v3 and vs are the C=C and C—C stretching modes, include J resolved
structures but largely unresolved K components, while the 4v; acetylenic band,
lying in the vicinity of the 3v; + v; + vs combination band, loses its structure but
still exhibited a recognizable band shape. This behavior implies that the 3v; and
3v; +v3+vs states are less strongly coupled to the bath states than the 4v, state.
In the larger 1-butyne molecule the rotational resolution was completely lost,
but still the 2v¢, 3v; (and an adjacent newly observed state) and 4v; acetylenic
bands were characterized by well-defined shapes. Of much significance is also
the observation that the linewidth of 4v; in 1-butyne is smaller than that of the
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other two bands, implying a longer-lived 4v; state. The very different linewidths
in the spectra of the close-lying 3v; +v3+vs and 4v; states in propyne and the
narrowing of the 4v; band of 1-butyne point out that the energy decay out of
the prepared state is not necessarily dependent on the density of states, but
rather is affected by mode-selective coupling with the bath states or by the
positions and couplings in the first several tiers of states.

The alkylic C-H stretches in propyne were characterized by well-defined
band shapes, while in 1-butyne the shapes were almost completely lost. The
diagonalization of simplified Hamiltonians enabled the eigenvalues and
eigenvectors to be obtained®****” and the sets of parameters for each molecule
to be retrieved by comparing the eigenvalues with the band origins via least-
square analysis. It is the possibility of resolving many bands that allowed the
parameters and consequently the Hamiltonian and the temporal evolution to
be obtained. These findings imply that the decay of the population from the
initially prepared pure LM states to the target states (combinations including
bending) occurs on a subpicosecond timescale and is governed by Fermi
resonances. Furthermore, in propyne it was possible to consider also the line-
widths found from the simulations and the resulting corresponding exponential
decays of the initially prepared states. These observations enabled the con-
clusion to be drawn out that the exponential decay almost does not affect the
first overtone state, but rather the fourth one. This means that the excitation of
methyl C—H stretch is rapidly lost via strong interactions of the former with
deformations and couplings of the latter with bath states. At longer times the
first overtone state also couples to bath states and its population decays.

8.4.3 Ethene Isotopologues

The simplest olefin, ethene (C,Hy), serves as a paradigm for understanding the
dynamics of excited states in molecules containing a carbon—carbon double
bond. The VMP studies of the ethene isotopologues listed below” '°! were
aimed at providing new insights into their interesting photophysics and spec-
troscopy. VMP of jet-cooled species was compared to room-temperature PA
spectra and to simulated spectra. Following photodissociation at ~243.1 nm,
the yield of the ensuing H(D) photofragments was monitored via (2+1)
REMPI at the same wavelength. In (normal) ethene (H,C=CH,)"*"'*° the first
through fourth C—H stretching overtone regions, in 1,2-trans-d,-ethene (trans-
HDC=CDH)**'"! the first and the fourth and in 1,1-d»-ethene (H,C=CD,)"’
the fourth C—H stretching overtone region were studied. Before presenting
more details, a couple of introductory remarks on one-photon dissociation
studies of ethene and on its vibrational level structure are required.

Most relevant to the VMP studies are the measurements and computations of
the branching ratios of the atomic photofragments in one-photon dissociation
at comparable energies. In 193-nm photodissociation the H/D ratios were
determined to be 22402 for H,C=CD, and 1.2+0.1 for trans-
HDC=CDH.'" It was suggested that IC precedes dissociation and the RRKM
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model was used to explain the observed ratios. These ratios differ from the
computed values of 1.34 and 1.38 in Ref. 115 and 1.5 and 1.3 in 116. In par-
ticular, in Ref. 115 it was concluded that the atomic elimination is non-
statistical, contrasting with the above observation.''

Another relevant issue is the vibrational level structure in the electronic
ground state of ethene. Despite extensive spectroscopic work, the vibrational
level structure has not been yet completely worked out. Although ethene is a
relatively simple molecule, its spectra are considered to be one of the most
difficult to explain. It is obvious that because of the size of the molecule,
anharmonic resonances and Coriolis-type interactions figure extensively and
complicate the spectral pattern. Structural resonances between the four C—H
stretches are expected to occur,''” in addition to the perturbation of the vy,
mode (b, C—H stretch) by a lower-order anharmonic resonance with v, + vy»,
corresponding to the C=C stretching and C-H in-plane bending, respectively.
The pattern of couplings in ethene and its derivatives is quite different from that
in other classes of small organic molecules, e.g., methane and acetylene and
their derivatives and therefore raises much interest.

In the following sections we briefly summarize the results of the VMP studies
of the fourth C—H stretching overtone region in the above-mention three ethene
isotopologues®® (Section 8.4.3.1), the first through fourth C—H stretching
overtone regions in H,C=CH,'" (Section 8.4.3.2) and the first stretch overtone
region in rrans-HDC=CDH'"! (Section 8.4.3.3). Each section highlights some
specific features in the VMP of ethene. However, following the detailed VMP-
based analysis of the vibrational spectroscopy and dynamics of trans-
HDC=CDH""' we present the results of this analysis in more detail.

8.4.3.1 The Fourth C—H Stretching Overtone Region in
H>,C=CH,, Trans-HDC=CDH and H,C=CD,

The action spectra of the three isotopologues are partially resolved, due to the
inhomogeneous structure reduction, and were found to be key players in
identifying the characteristics of the spectral features.” The simultaneous
simulations of the PA and action spectra allowed retrieval of the band types
and origins, molecular constants and homogeneous linewidths and thus
intramolecular dynamical information to be decoded. This was achieved by
considering the positions and the linewidths of the involved bands, enabling
estimation of the timescales for energy redistribution to the doorway and to
the bath states. The limits for the redistribution times from the initially excited
C-H stretch to possible doorway states were estimated to be<0.5ps for
H,C=CH,,<0.4ps for H,C=CD, and<2.4 ps for trans-HDC=CDH,
respectively. The longer time for the last molecule is, apparently, due to its
relatively isolated C—H bonds.

The Doppler profiles indicated that the translational energy disposal in the H
and D photofragments is low. This was attributed to the occurrence of pho-
tofragmentation via IC to the (hot) ground-state PES followed by unimolecular
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decay to H(D) and corresponding vinyl photofragments. Of particular note are
the observed propensities toward H photofragments in H,C=CD, and trans-
HDC=CDH, with H/D branching ratios of 1.84+0.3 and 1.6 £0.2, respec-
tively, which reflect the trend found in the corresponding calculated ratios of
1.5 and 1.3 in Ref. 116. The preferential C—H bond cleavage seems to be due to
a dynamical effect and not to the slightly different photodissociation wave-
lengths used for monitoring of the H and D photofragments (243.135 and
243.069 nm, respectively, which are about 11cm™" apart, out of the combined
energy of ~55250cm"). Since energy redistribution occurs in picoseconds, it
is likely that the memory of initial vibrational excitation is lost prior to the UV
excitation, yet it might be that the FC overlap with the upper PES, or the
transition moment to the C—H dissociation channel is favorable relative to C—D
and the light H atom escapes more effectively. It was also suggested''* that the
isotope effect for H and D elimination from H,C=CD, could be more pro-
minent than from frans-HDC=CDH due to the different nature of their acti-
vated complexes.

8.4.3.2 Vibrational Patterns of the First Through Fourth C—H
Stretching Overtone Regions in H,C=CH,

The study of the first through fourth C-H stretch overtone regions of
H,C=CH, was aimed at the investigation of its vibrational patterns.'® The
room-temperature PA and jet-cooled action spectra were characterized by A4-
and B-type bands only, which correspond to states of B;, and B,, symmetry,
respectively. This could be realized by considering that ethene is an asymmetric
rotor of planar geometry in the ground state, belonging to the D,,, point group.
Provided that the rotational selection rules and thus the band types observed in
the vibrational spectrum are set by the transition dipole moment of the IR
active C—H stretch bright states, it is reasonable to find components of these
types only.

The measured PA and action spectra were simulated taking advantage of the
better resolution of the latter. These simulations allowed retrieval of the mul-
tiple band structure of each manifold and the characteristic linewidths, which
were found to increase with increasing quantum number of the C-H stretch.
Analysis of these multiband-structured spectra in terms of a simplified joint
LM/NM model and an equivalent NM model, which accounted for the Fermi
resonances with the overtones of the CH, scissoring (2v3, 2v{,) and combina-
tion of the scissoring (v3) with the C=C stretch (v,), enabled eigenvalues and
eigenvectors to be obtained.

By comparison and fitting of the eigenvalues to the experimental band
positions and by consideration of the LM character and the observed intensity
of the bands, the assignment of the observed bands could be attained. Fur-
thermore, some mechanistic insight regarding energy flow out of the initially
excited C—H stretches was also obtained. The B, and B, symmetry bright
states, respectively, behave differently through the V'=2-4 manifolds (first
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through third C—H stretch overtone), showing coupling to doorway states for
the former, but not for the latter. The initial energy flow out of the B, states is
to the doorway states via Fermi resonances and occurs on subpicosecond
timescales. Of particular importance is the fact that the density of states for the
V' =2-4 manifolds was not sufficient to be pronounced by the measured line-
widths under the given resolution. On the other hand, for V=5 the higher
density of states causes extensive homogeneous broadening, which reflects the
energy decay out of the C—H stretches of the fourth overtone to the bath states.

8.4.3.3 The First Stretch Overtone Region in Trans-
HDC=CDH: Example of VM P-Based Detailed Analysis
of Vibrational Spectroscopy and Dynamics

In comparison to HyC=CH,, trans-HDC=CDH has been previously only
scantly studied. We therefore present here a VMP-based analysis of the
vibrational spectroscopy and dynamics of the latter in more detail than that of
the other ethene isotopologues.

Vibrational pre-excitation in the first C-H stretch overtone region of trans-
HDC=CDH was followed by excitation to the first electronic state, dissociation
and eventual H and D photofragment release by C—H and C-D bond fission,
respectively. Monitoring of the PA and H and D action spectra and simulations
of the spectra enabled modeling of the observed multiband structure and the
principal resonances and the IVR mechanisms to be revealed.

To calculate the vibrational NMs and to help in the vibrational analysis of
the monitored spectra, ab initio and DFT calculations were used. Harmonic
frequencies, obtained by ab initio methods, were combined with DFT anhar-
monic corrections in a relatively small basis set.'°! The modes, their assign-
ments, symmetries and nuclear displacements, are presented in Figure 8.11.
Also indicated are the calculated frequencies and for comparison the corre-
sponding experimental values''® that agree very well with the former. All NMs
were successfully assigned to one of four type symmetries by considering the
displayed motions.'®" The molecule belongs to the C,, symmetry and, as is
apparent from Figure 8.11, it has two 4, and four B, IR active fundamentals
giving rise to C-type bands and to hybrid 4:B bands, respectively.

The PA and H and D action spectra in the energetic window of the first C-H
stretch overtone region showed an intense dominant band around 5990 cm ™'
and five weaker bands in the 5900-6220cm ' region. Whereas the action
spectra allowed resolution of the band at ~5990cm™!, the PA spectrum
enabled observation of two bands at ~6219cm ™", which could not be traced by
the action spectra due to low FC overlap with the upper vibronic states. From
the fundamental frequencies of the NMs and their symmetries, presented in
Figure 8.11, it is obvious that the ~5990-cm ™' dominant band must be related
to the v; +v9 combination of the first C—H stretch overtone.

To interpret and assign the spectral features, the v| + vy state was considered as
the zero-order bright state (ZOBS) and the other five states as zero-order dark
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CH stretching CD stretching CC stretching CH bending
symmetric symmetric in plane
Vi V2 V3 V4
Ag Aq Ag Ag
3051 2285 1573 1280
(3045) (2284) (1571) (1286)
CD bending CH bending CD bending CH and CD bending
in plane out of plane out of plane out of plane
Vs + V6 % ++ Vg -
Ag Ay Ay T By +
988 992 ++ 722 + 844 N
(1004) (988) (725) (864)
CH stretching CD stretching CH and CD bending CH and CD bending
anti-symmetric anti-symmetric in plane in plane
Vo Vio Vi
B, B, B,
3055 2261 666
(3065) (2273) (1299) (673)

Figure 8.11 The twelve NMs of vibration of rrans-HDC=CDH (1,2-trans-d,-ethene)
as obtained from calculated harmonic frequencies with anharmonic
corrections.'’! Below each calculated frequency the experimental fre-
quency''® is given in parentheses. The numbering of the modes is
according to their energies and symmetries. Reprinted with permission
from Ref. 101. Copyright 2008, American Institute of Physics.

states (ZODS) coupled to it. Accordingly, a Hamiltonian was constructed,
consisting of diagonal zero-order energy terms, corresponding to the v;+ vy
ZOBS and to the five ZODS and off-diagonal interaction matrix elements
between them, while the interactions between the ZODS themselves were
assumed to be negligible. The unperturbed energies and interaction elements
were retrieved by numerical solution, through an iterative matrix diagonalization
and nonlinear least squares fit routine, which fitted the eigenvalues to the band
origins, and the squared eigenvector coefficients of the ZOBS to the normalized
band intensities. Explicitly, 11 parameters (6 zero-order and 5 off-diagonal
matrix elements) were fitted to the 6 measured energies and 5 relative intensities.
The resulting values, corresponding to the energies of the states and the matrix
elements are given, on the energy axis and in the vicinity of the arrows of Figure
8.12, respectively. Evidently, the matrix elements for the v; + v9 interaction with
four of the ZODS are tens ofcm ™', while with the fifth one only ~3.4cm™".
Taking into account the experimental fundamental frequencies (Figure 8.11)
and assuming that the ZODS must have the same symmetry as the v; + vy ZOBS
and that only low-order resonances might be involved in their interaction, the
energies of coupling candidate states, in the 5800-6300cm ™' range, were cal-
culated. Comparing the calculated frequencies to those of the ZODS,
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E{cm™) ZOBS ZODS
A Yottt
6218.8(1) —
6214.0(1) —
% +2y
3.4(2)
32.9(2)
MY 13.92) ¥ Hhty,
39.6(2)
VotV Y,
593’}'.3(3) —
19.1(5)

V. +V. +V,
5897.3(2) Mk ki |3

Figure 8.12 Schematic representation of the deperturbed states of B, symmetry in the
first C—H stretch overtone region of trans-HDC=CDH (1,2-trans-d--
ethene). The horizontal solid lines indicate the zero-order state position
and the arrows show the interactions. Also given, on the energy axis, are
the state positions with their accuracies in the less significant digit (in
parentheses), their assignment (above the solid lines) and the absolute
values of the matrix elements in cm ' (near the arrows). Reprinted with
permission from Ref. 101. Copyright 2008, American Institute of Physics.

Figure 8.12, the assignment of the ZODS was deduced and is presented in the
figure.

Based on the measured spectra and the derived Hamiltonian, the temporal
behavior of the states was computed.'®! It was found that the population of the
v1 + vo state decays very fast, <0.2 ps, and then continues to oscillate. The other
states acquire population, each in its turn, and oscillate with characteristic
periods. The vo+ 2v3 and vo + vg + vg + vy states exhibit oscillations with longer
periods (~ 30 ps) in addition to the very fast oscillations, showing that when the
former is populated the latter has no population and vice versa. We note that
the presented temporal behavior corresponds to the picture obtained due to the
strong interactions only. It did not take into account the weak interactions with
the bath states of B, symmetry that are very sparse in this energetic window, < 1
state/cmfl. This is since trans-HDC=CDH, like H,C=CH,, is characterized by
a unique behavior where the density of states in the region of the lower over-
tones is relatively low. This, in turn, is due to the rather high energy of the
fundamentals, where the lowest, 673cm ™" (see Figure 8.11), is related to the
C-H and C-D in-plane bending.
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8.4.4 UF,

To conclude our presentation of VMP of “larger than tetratomic’ molecules we
turn to uranium hexafluoride, UF4. The dissociation of this molecule applying
IR multiphoton excitation was of much interest in the 1970s and 1980s in the
context of uranium isotope separation, but application of VMP for this purpose
was considered as well. We quote here two works that are related to VMP of
UF,. In the earlier one''” an investigation was made of the absorption of
UV in UF; following IR pre-excitation of the combination vibration v, + v; at
1157 em™'. A large increase in the absorption coefficient in the 250550 nm
range and a considerable redshift of the photoabsorption edge were observed.
The ratio between the UV absorption coefficient of the excited and unexcited
molecules exceeded 50 at the wavelengths of 340 and 420-550nm. It was
suggested that the considerable redshift may indicate multi-quantum vibrational
pre-excitation.'!” In the later work'?° the absorption spectrum of UF, between
the wavelengths 330 and 450nm in the temperature range 295 to 500 K was
examined in order to obtain some idea of the effect of vibrational excitation on
the absorption cross sections in this region. The enhancement of absorption
with temperature was consistent with the predicted change in the Boltzmann
population distribution in the vibrational levels of the ground state. However,
the upper bound of the photodissociation cross section was found to be small
and the authors concluded that UV photodissociation does not appear to be a
promising method of discriminating the vibrationally excited UF4 molecules.
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Concluding Remarks

Throughout this monograph we have presented the methodology of VMP via
specific examples of studies of isolated, neutral molecules in the gas phase by
applying laser pulses in the ns timescale. We have learned that controlling
the photodissociation products ensuing from an electronically excited state is
achievable via pre-excitation of specific vibrational states in the initial elec-
tronic state. However, this mode selectivity has been found to work only for
molecules not larger than tetratomic, with only one exception. The main rea-
son for this limit is IVR. One could suggest that working in the sub-ns time-
scale may, at least in some cases, alleviate the problem of IVR, but there is a
tradeoff between the pulse length and its spectral width. In large molecules,
where IVR is fast, the spectral width of short pulses falls short of exciting
specific vibrational states. In other words, when the size and complexity of
the molecule increases, the IVR lifetime decreases and the spectral congestion
increases. Still, it is surprising that thus far very few attempts of sub-ns VMP
studies of medium-size molecules (around four to six atoms, say) have been
reported.

We have also learned that VMP is an effective tool in molecular spectroscopy
and molecular dynamics studies. It is effective, in particular, for determination
of IVR lifetimes and for studying the vibrational spectroscopy of states that are
difficult to study with other methods. The above-mentioned limit of the size of
the molecule is irrelevant here. For observing the mode selectivity in VMP the
vibrational excitation has to survive IVR in order to retain the selectivity since
the subsequent electronic excitation has to be from the excited vibrational state.
In contrast, monitoring vibrational molecular dynamics relies only on the
efficacy of the excitation of the specific rovibrational state. When IVR is fast
and rovibrational distribution reaches equilibrium, the subsequent electronic
excitation will still reflect the efficacy of the initial rovibrational excitation. In
other words, whereas fast IVR precludes mode selectivity, it facilitates the
unraveling of the vibrational molecular dynamics.
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190 Concluding Remarks

It seems, indeed, that VMP studies have concentrated recently on molecular
dynamics rather than on mode selectivity. We note, however, that the often-
observed difference in IVR lifetimes between different modes may also be
considered, in a sense, as a reflection of mode selectivity. Working with a better
spectral or temporal resolution may demonstrate this selectivity in more detail.

Although our emphasis in this monograph has been on VMP of isolated,
neutral molecules in the gas phase, some other applications of VMP are worth
noting. For example, VMP of the V" (OCO) molecular ion is reported in Ref. 1
and of formic acid dimer, (DCOOH),, in Ref. 2.

A different, but related area of research is on controlling bimolecular reac-
tions via vibrational excitation. This area certainly deserves a monograph of its
own. We cite here one example® in which the reaction of vibrationally excited
CH, with CI atoms is discussed and references to earlier studies in this area are
cited. Another related area of research is on the influence of vibrational pre-
paration on gas-surface reactivity. An example is the state-resolved gas-surface
scattering measurements that reveal that the vi C—H stretch vibration in CHD;
selectively activates C—H bond cleavage on Ni surface.*

Our final note is on quantum control of photodissociation. This subject is
presented in detail in Refs. 5 and 6. There are two main paradigms for quantum
control. (1) Optimal control,” " which is basically a trial-and-error method:
One guesses a Hamiltonian where external fields, e.g., laser light, are intro-
duced, does an experiment or propagates the initial wavefunction to the future,
compares the result with the desirable objective, and corrects the guess for the
Hamiltonian until satisfactory agreement with the objective is reached.® (2)
Coherent control, where one identifies quantum interferences between simul-
taneous indistinguishable pathways to the same final state. Optimal control is
based on localized wavepackets and apply ultrashort (in the sub-ps and fs
timescales), often shaped, laser pulses.”l However, as shown in Ref. 5, it also
relies upon the existence of multiple interfering pathways. In both paradigms
the application of simultaneous laser pulses (or of one pulse) circumvents IVR
that limits mode-selective photodissociation in VMP.
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