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I. Introduction

Direct photodissociation occurs when a molecule is
excited by light to a dissociative continuum. How-
ever, if a certain discrete energy level has the same
energy as a dissociative continuum and certain
selection rules for the coupling are fulfilled, the
molecules excited to a discrete level can dissociate.
This phenomenon is called predissociation. In this
case, the molecule is excited to a bound state which
is coupled to a dissociative continuum. An absorption
line of a transition to a predissociative level is usually
broadened, and the lifetime of the excited level is
shorter than that of a nonpredissociative level.
Because a transition to a single predissociative level

© 1995 American Chemical Society
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can be selectively excited with narrow bandwidth
laser light, we can study decomposition from a given
electronic—vibrational—rotational (e,v,JJ) level. If AB
is a molecule that dissociates into fragments A and
B, a chemical reaction starting from a single level
AB(e,v,J) can be studied if an appropriate system is
chosen: AB(e,v,J) + hv — AB(e’,v",J’) — Aleq,Va,de)
+ B(ey,vp,Jp). Furthermore, the translational vector
and the orientation of products can be measured by
various spectroscopic methods. Thus, the dynamics
responsible for photofragment internal state distri-
bution and angular momentum alignment can be
studied by starting from the simplest initial state.
Because predissociation is one of the simplest chemi-
cal reactions, studies on predissociation may be a
useful approach for understanding chemical reaction
dynamics.

In the early stage of establishment of quantum
mechanics, Wentzel! has shown that the transition
probability from a discrete state n to a dissociative
continuum c of equal energy is given by

(47%/h)| [ OH' D, dr/? (1)

where ®. and ®, are, respectively, properly chosen
wave functions of ¢ and n states, H is the Hamilto-
nian of the perturbation responsible for the predis-
sociation, and A is Planck’s constant. A number of
theoretical and experimental studies have been
reported,> % and very good summaries and reviews
have also been published.”-13

Predissociation manifests itself by the appearance
of line broadening, a decrease in lifetime, an abrupt
decrease of fluorescence quantum yield, and genera-
tion of dissociation products. Lasers and synchrotron
radiation have enabled us to excite a molecule to a
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specific energy region. Pulsed lasers of short dura-
tion have made it easy to measure time-resolved
dynamics. Tunable lasers with narrow line widths
enable us to measure line widths. More direct
measurements of predissociation by the simultaneous
detection of the absorption spectra and the dissocia-
tion products have been reported.!*15

In this work we review the studies that emphasize
the predissociation confirmed by the detection of the
dissociation products. We try to review the articles
up to the beginning of 1994, but we shall confine this
review to molecules which are extensively studied.
Predissociations of ions and van der Waals molecules
are not included.

A short summary of the theory of predissociation
will be given in section II. Classifications of predis-
sociations are summarized in section III. Experi-
mental methods for studies of predissociation are
reviewed in section IV. Practical studies of predis-
sociation are reviewed for diatomic molecules in
section V and for polyatomic molecules in section VI.

ll. Theory of Predissociation

A general theory of predissociation has been given
by Fano,!® and a brief summary is described here.
We let the ¢, and g be wave functions in the Born—
Oppenheimer approximation. When a set of discrete
states @1, @s, ..., @n, etc. and a set of yg, belonging to
one continuum (a dissociative continuous state) in-
teract, we need to diagonalize the Hamiltonian
matrix

<q)m|H|q0n> - Enamn
('J)EIH |(pn> = VE'n

(Yg-\H|ypg) = E'0(E” — E) (2)

The interaction between ¢,, and g can occur through
interactions described in section III.C. The eigen-
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functions within the continuum are expressed as
¥y =Ya, B, + [bE )y, dE’ (3)

If the energy spacings between the discrete levels
are much larger than the interaction energy Vg, it
is a reasonable approximation to take into account
of the perturbations between only one discrete state
and one continuum. This is the case of an isolated
resonance, If a discrete state ¢, lies within a
continuum gz, the wave function of the mixed state
of energy E is expressed as

Y, =alB)p, + fb(E’)sz, dE’ )
where
VEn
a(E) = —— (5
E —E, — F(E) — in|Vg,|

b(E') = [E 1 =+ 2EVE — E)|Vg,aE) (6)

E-E, - FE)
2By =— 2 )
|VEn|

and F(E) is the shift of the resonance position with
respect to E,:

_ | Enl )
F(E) = E—F dE (8)

P indicates "the principal part of”. Numerical meth-
ods to calculate the principal part of this integral are
given in refs 17—19,

?tlcal Transition Allowed Only to a Discrete
Leve

When an optical transition between an initial state
i and a continuum g is forbidden, (y£|T|i) equals 0O
and the transition probability of the optical transition
is proportional to
K@ T =
|VEn|2
[E —E, — FE)? + 7|Vg,|

2 (@alTIN? (9)

where T is the electric dipole moment. The prob-
ability is maximum at an energy including the
predissociation-induced energy shift: E = E, + F(E).
The predissociation rate (the probability per unit
time) &k, is given by

ko = (27 Vg, P/h (10)

and is equal to the expression presented in eq 1. The
lifetime 7 of the excited level ¢, is given by

1z = @Qa)¥|\Vg, |7k + 1/1, 11)

where 7, is the radiative lifetime of the excited level
.. The spectroscopic absorption line shape has
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Figure 1. The Fano line shapes for different values of the
Fano index gq. Reverse the scale of abscissas for negative
q. (Reprinted from ref 16. Copyright 1961 American
Institute of Physics.)

Lorentzian form, and the width I" (full width at half
maximum) is related to the lifetime 7 by

v 1 53x10712
Tlem ™) = 2ncr (s) B 7 (8) (12)

where ¢ is the velocity of light.

B. Optical Transition Allowed Both to a Discrete
Level and a Continuum

When optical transitions from an initial state i to
both a discrete level and the continuum are allowed,
the transition probability of the optical transition is
proportional to

) (g +e?
W) =
|<-E| |l>| 1+e

1wl T (13)

where (yg|T{i) is the transition moment to the
unperturbed continuum

¢e=[E - E, - FE)r|Vg,|» (14)
g = K, T/ VE, Kyg| Tl (15)
and
EnwE
n+ P[5 dE (16)

modifies @, by an admixture of the continuum. g¢
characterizes the asymmetric line broadening of the
absorption line.

The values of |{(Wg|T)i)|%/|(yg|T|i)|? are plotted as a
function of € in Figure 1 for a number of q. If the
values of ¢ and |Vg,|? are obtained from the spectral
data, we can determine the ratio of the transition
probabilities to the “modified” discrete state ®, and
to the unperturbed continuum (dissociative continu-
ous state) ¢z from the relation
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Figure 2. Potential energy curve of a quasi-bound state
separated by a potential barrier; a, b, and ¢ denote the
classical turning points.

) (D, Ti)
T = 2 w2
T\ Vg, “ g Ti)|

Fano!® has studied the mixing between one discrete
state and two or more continua and also the mixing
between a number of discrete states and one con-
tinuum, but we shall omit them here.

(17

C. Quasi-Bound State Separated from the
Continuum by a Potential Barrier

The predissociation of a quasi-bound state sepa-
rated from the continuum by a potential barrier can
be treated by semiclassical scattering theory.11% The
potential function V{R), where J is a rotational
quantum number and R is an internuclear distance,
is schematically depicted in Figure 2. The resonance
energy position E,s of a (v, J) level, where v is a
vibrational quantum number, is determined by the
condition

2 + Yp) = (UR) [V12u(E,; — VRV dR — Y/,
(18)

where u is the reduced mass. ® is a correction for
the tunneling and is expressed as!!

O = arg F(1/2 +ie) —eln |e| + € (19)
where I'(x + iy) is the complex gamma function,?! and
e = —(Um [[2u(V,R) - E,)1"* dR  (20)

The width of the resonance is calculated by

y = (ho/2m)In[1 + exp(27¢)] (21)
with

ho = 3E /v (22)

By observing the transition lines up to the quasi-
bound region, the values of y, E,s, and Aw can be
determined. The potential barrier can be determined
by a least-squares optimization by varying the po-
tential function VAR) at positions, where observed
data are available.
D. Intermediate Coupling Strength

In this section we consider the wave functions and
potential curves that are well described using the
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V1(R) V2(R) V1(R)

Figure 3. Diabatic (crossing) potential energy curves V-
(R) and Va(R) are shown by solid lines. Adiabatic (non-
crossing) potential energy curves are shown by dashed
lines.

Born—Oppenheimer approximation. The terms ne-
glected in the Born—Oppenheimer approximation are
considered as perturbing terms, which can cause
predissociation. Very strong predissociation can oc-
cur when the potential curves of two electronic states
of the same symmetry approach each other or when
the spin—orbit interaction is very strong. In such
cases, neither a noncrossing (adiabatic) potential
curve representation nor a crossing (diabatic) poten-
tial representation is appropriate. Child? introduced
an intermediate coupling picture that takes advan-
tage of both the diabatic and adiabatic pictures for
two interacting states 1 and 2 of a diatomic molecule.
By a semiclassical calculation, the actual energy level
in the region of the curve crossling lies intermediate
between approximate energies of the adiabatic level
E.4 and the diabatic level E; close in energy:

Ey+xE 4
= Ti1Tx (23)
where
x = (04/w,9)exp2me) — 1] (24)

@q and @.q are, respectively, the local vibrational
spacing for the diabatic and adiabatic potentials, and
¢ is the Landau—Zener parameter

oVl
RoAF

(25)

where Vig is the interaction matrix element of the
bound state 1 and the repulsive state 2 in the diabatic
potentials, U is the radial velocity of the nuclear
motion at the crossing point, and AF is the difference
of the potential gradients of the diabatic potentials
V1 and Vs at the crossing point. The potential curves
using these parameters are schematically shown in
Figure 3. The line width varies as??

_ 2.7tx [((Z)d/c'uad) + X]

o _ 2
N e E,—Ej°? (26

The level energy and the line width can be calculated
exactly by solving the following coupled equations for
the vibrational wave functions:23

K d
{_ nag T VB - E}w1<R) = Visyo(R)
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B2 g2
{— ﬂ ﬁ + V2(R) - E}wz(R) = V12¢1(R) (27)
The result of semiclassical calculation was shown to
be in excellent agreement with the exact solution of
the coupled equation.

lll. Classification of Predissociation

The potential curve in the Born—Oppenheimer
approximation (adiabatic approximation) is called an
adiabatic potential. In diatomic molecules, the adia-
batic potentials of identical symmetry and electron
spin do not cross. The nonadiabatic interaction,
spin—orbit coupling, and some additional interactions
(which will be discussed in section III.C) cause a
transition between adiabatic potentials. If the elec-
trostatic interaction between approximate electronic
states, which are described by approximate wave
functions of a simple electronic character, is small
and can be neglected, the potential curves of the same
symmetry can cross. This approximate potential
curve is called a diabatic potential. Mulliken® clas-
sified the electronic predissociation of diatomic mol-
ecules by the locations and shapes of the potential
curves, and it will be summarized in section IIL.B.
In polyatomic molecules, two potential surfaces can
in principle intersect even if they belong to states of
the same symmetry and spin multiplicity.25-%7

A. Types Classified by Herzberg

Herzberg”® has classified the predissociation of
three kinds of overlapping of molecular energy levels
(electronic, vibrational, or rotational) with a dissocia-
tion continuum.

Type I predissociation by electronic transition is
caused by the coupling between discrete levels of a
given electronic state and the dissociation continuum
of another electronic state. This type of predissocia-
tion occurs most often. We will review mainly this
type of predissociation.

Type II predissociation by vibration is caused by
the coupling between a discrete vibrational level and
a continuum joining onto a lower dissociation limit
of another series of vibrational level in the same
electronic state. This can occur when the image point
representing the vibrational motion reaches an ap-
proximate saddle point of the potential surface. Only
vibrational motion is changed in this predissociation
process.

Type III predissociation by rotation is caused by a
coupling between higher rotational levels of a given
stable vibrational level of an electronic state and a
dissociation continuum belonging to the same elec-
tronic state and the same series of vibrational levels.
This can occur for vibrational levels of an electronic
state that lie in the neighborhood of the dissociation
limit, since the higher discrete rotational levels of
such vibrational levels can lie above the dissociation
limit.

B. Classification by the Location and Shape of
Potential Curves

As we can see from eq 1, the predissociation
probability depends on

Chemical Reviews, 1995, Vol. 95, No. 7 2315

SWHY, dr = [yyly*Hyiyly) dr (28)

where ¢, ¢!, y! are, respectively, the electronic,
vibrational, and rotational wave functions of state i.
The value of the integral of eq 28 is approximately
proportional to an overlap integral of the vibrational
wave functions (y¢|y;). The magnitude of the
Franck—Condon factor [(:y2)|* is governed by the
relative positions and forms of potential curves of a
dissociative state ¢ and a bound state n.

Electronic predissociations in diatomic molecules
are classified for cases in which the potential energy
curve of the dissociative electronic state crosses the
curve of the bound state.5?® When the dissociation
asymptote of a dissociative state lies above, ap-
proximately at, or below the crossing point, it is
classified as cases b, a, and ¢, respectively. By
comparing the internuclear distances at the crossing
point R. and the equilibrium point R, of the bound
state, three subcases R. < R,, R. = R,, and R, > R,
are classified by adding a superscript —, i, or +,
respectively. When the potential curves do not cross
but only come close to each other, a superscript o is
added.

C. Classification by Causes of Predissociation

Predissociation occurs by the same interactions and
selection rules as perturbations. In this section, the
main interactions which cause predissociation are
discussed.

1. Nonadiabatic Interaction

In a diatomic molecule, the terms neglected in the
adiabatic approximation are expressed asl®

<we1

<‘/’e1

2
2,
R

we2>r%xuz>R (20)

h2
<we1Xu1|TN|we2XU2> == ﬂ<Xu1

s, -2
we2rXU2R ‘uXul

where TV is the nuclear kinetic energy operator, and
R is the internuclear distance. . and y. are,
respectively, the electronic and vibrational wave
functions of an adiabatic state i, and the suffixes r
and R of the brackets (||) represent, respectively, the
integration over electronic coordinates r at a fixed
value of R and the integration over R. The Born—
Oppenheimer approximation is usually a very good
approximation. However, the predissociation in-
duced by a nonadiabatic interaction can be ap-
preciable if the adiabatic wave functions change
drastically with R. Such a case can occur when the
diabatic potentials of the same symmetry and spin
states cross, because the adiabatic wave functions
change drastically around the crossing point.

An overview of the theoretical method for treating
photodissociation processes in small polyatomic mol-
ecules was given by Schinke.l®* In a polyatomic
molecule, the interaction between vibration and
electronic motion (vibronic interaction) can lead to
the mixing of electronic states of different species.
Only states of the same vibronic species can predis-
sociate through a nonadiabatic interaction.?

29 3
RR oR
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2. Spin-Orbit Interaction

For the perturbation between different spin states,
the spin—orbit interaction is usually predominant.
The Hamiltonian used to compute the spin—orbit
interaction is represented by

Hgo = Zg(ri)li'si (30)

where &(ry), 1;, and s; are, respectively, the spin—orbit
coupling constant, the orbital angular momentum,
and the spin angular momentum of ith electron. The
contribution of the spin—other-orbit interactions
between unpaired electrons is not included in eq
30.1030 The accurate Hamiltonian is given in ref 31.

3. Electron—Rotation Interaction

The interaction of rotation and electronic motion
(the L-uncoupling interaction) can cause a perturba-
tion between different electronic species. The Hamil-
tonian is represented by

H,=BJL,+BJL +BJL, (31

where B,, J,;, and L, are, respectively, the rotational
constant, the total angular momentum, and the
orbital angular momentum of electrons in a molecule
about the molecule-fixed ¢-axis.

The Hamiltonian for the rotation and the electron
spin S interaction (the S-uncoupling interaction) is
represented by

HJS = BxeSx + BnySy + BszSz (32)

Heterogeneous predissociation, which is caused by
the perturbation between two electronic (or vibronic)
species which differ by the species of rotation, takes
place by the rotational interaction.

The Hamiltonian for the spin—rotation interaction,
which is the interaction between the electron spin
and the magnetic field created by nuclear motion, is
represented by

Hey = y(J — L —S)S (33)

4. Hyperfine Interaction

Hyperfine interaction is usually a small interac-
tion,?? and the predissociation caused by hyperfine
interaction can be appreciable only in molecules that
have lifetimes on a microsecond time scale. The first
observation of the effect of this interaction on pre-
dissociation was for iodine and is reviewed in section
V.C.1. Predissociation induced by the hyperfine
interaction was identified by the observation of the
lifetimes of individual hyperfine components.33

5. Interaction Induced by External Fields
The Hamiltonian of the Zeeman interaction is
represented by
H 7= “[lm'H (34)

where g™ is the magnetic moment of a molecule and
H is the external magnetic field. The total electronic
magnetic moment is represented by

Katd and Baba
= —ugL + g.8) (85)

where ug is the Bohr magneton, g. is the g value for
an electron, and L and S are the orbital and spin
angular momenta of electrons in a molecule, respec-
tively. In the perturbation by Hz, the operator L can
mix two different electronic species with the selection
rules AA =0, £1, AZ = 0. The operator S can mix
two electronic species with the selection rules AA =
0, AZ = 0, £1 in addition to the selection rules; AS
=0,AJ =0,%1, AM =0,and AK =0, £1, where M
and K are, respectively, the quantum numbers of the
projections of J along the direction of the magnetic
field and along the principal axis of the molecule.
When an external magnetic field is applied, Zeeman
splitting can occur. The resulting energy shifts can
enhance predissociation when the perturbing levels
become close.

An external electric field can also induce predis-
sociation. The Hamiltonian of the Stark interaction
is represented by

Hy= —p°E (36)

where p¢ is the electric dipole moment of the molecule
and E is the external electric field. The operator u¢
can mix two different electronic species which satisfy
the same selection rules as for electric dipole
transitions: AA = 0, £1, AZ = 0 in addition to the
selection rules: AS =0, AJ =0, £1, AM =0, and
AK = 0, £1. Gerade (g) and ungerade (u) states can
mix by this interaction, and two components of the
A-doubling can also mix.

D. Indirect Predissociation (Accidental
Predissociation)

When a discrete state A which is undergoing
predissociation and another discrete state B can
interact, some levels of B which are accidentally close
in energy with A and have a significant Franck—
Condon factor |(va|vs)|? are observed to predissociate.
Kovécs® formulated the decrease of emission intensity
for levels undergoing this indirect predissociation.
The indirect predissociation of the Cs;D!S state
was studied extensively, and it will be described in
section V.B.6a.

IV. Experimental Methods

Experimental evidence for predissociation includes
line broadening in absorption, sharp decreases in
emission quantum yield as a function of wavelength,
decreases in radiative lifetime, and the appearance
of fragments. However, aside from the appearance
of fragments, these processes can occur by other
causes than predissociation. Therefore, in order to
identify these phenomena as originating from pre-
dissociation, we need supplemental information such
as the details of the potential curves, transition
moments which depend on the internuclear distance
and so on. The detection of fragments as a function
of photoabsorption is direct evidence of predissocia-
tion, and various techniques have been applied to
characterize predissociation in this manner. Other
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Figure 4. Experimental setup for measurement of the
Doppler-free OODR polarization spectrum. Only the dye
laser 1 is used for measurement of the Doppler-free
polarization spectrum. (Reprinted from ref 88. Copyright
1991 American Institute of Physics.)
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Figure 5. (A) Excitation spectrum of I used for calibration
of wavenumber. (B) Doppler-free OODR polarization
spectrum of Csy, where the CUI,(v'=12J'=34) — X'=_
(v” = 9,J” = 33) transition is the pump transition. (Cﬁ
Doppler-free polarization spectrum of Csg. (Reprinted from
ref 15. Copyright 1991 American Institute of Physics.)
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new technologies are rapidly progressing. The pri-
mary experimental methods are described in this
section.

A. High-Resolution Spectroscopy

Many techniques of Doppler-free high-resolution
spectroscopy®* have been invented since tunable
lasers of narrow line width have become available.
Of these, Doppler-free polarization spectroscopy and
Doppler-free optical—optical double resonance (OODR)
polarization spectroscopy are very useful, because
they are highly sensitive and can be used in the
absence of emission from the excited state.® The
setup for this method is shown in Figure 4. A
representative spectrum of the Cs; molecule is shown
in Figure 5. Many lines in the Doppler-free polariza-
tion spectrum are broader than sharp lines, and the
upper level of the broad lines are assumed to be
predissociating. Although these methods are useful
for spectroscopic studies, the line shape is not ac-
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Figure 6. Time-resolved fluorescence intensity from the
Cs2 D'SI (v = 47) level excited by a pulse laser (a single-
pulse time duration of 10 ps) at 17 485 cm™! and monitored
by the fluorescence in the 1522015080 cm™! region, and
the dependence on the magnetic field (a, 0 G; b, 2 kG; ¢, 4
kG; d, 10 kG.) The sample is in a gas cell at 474 K with
the vapor pressure Cs (0.10 Torr) and Csg (1.7 x 1074 Torr).
(Reprinted from ref 103. Copyright 1992 Elsevier.)

curate because it is very sensitive to optical adjust-
ment, especially in the Doppler-free OODR polariza-
tion spectrum.

If the excited molecule fluoresces, we can obtain a
more accurate line shape by measuring the fluores-
cence intensity as a function of frequency of the
excitation laser. The resulting spectrum is called
(fluorescence) excitation spectrum. In order to elimi-
nate Doppler broadening, a tunable single-mode laser
beam was propagated to a collimated molecular beam
at right angles and the resulting fluorescence is
detected.’® The molecular vibrational and rotational
temperature is cooled in a supersonic beam. Because
hot bands are eliminated, the spectrum becomes
simple.?” The effects of collision can be neglected in
an excitation spectrum using a laser crossed with a
molecular beam.

B. Time-Resolved Spectroscopy

The development of pulsed lasers has made it easy
to measure the lifetime of predissociating levels. If
one uses a pulsed laser of a single-pulse time dura-
tion of 7 (8), it can be calculated from the uncertainty
principle that its line width I' (cm™1) must be greater
than 5.3 x 1071%7 (s). When one uses a laser of a
single-pulse time duration of 7 < 10710 s, the laser
line width will be larger than 0.053 em™!. In many
cases, several lines are within the laser line width,
and the resulting fluorescence decay curve is com-
posed of the overlapped decay curves of the fluores-
cence from the simultaneously excited levels. Some
of these lines may be distinguished by dispersing the
fluorescence and detecting the light at a specific
wavelength. An example of the time-resolved fluo-
rescence intensity of the Csz molecule is shown in
Figure 6. Even if several states are simultaneously
excited and the fluorescence from these states are
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Figure 7. The method of femtosecond transition-state
spectroscopy (FTS) and the relevant low-lying potential
energy curves of Nal.3® The pump pulse at wavelength A,y
prepared a coherent wave packet on the predissociative
state. A femtosecond probe pulse was used at different
delay times (t) and wavelengths (4;;). The probe pulse
excites either the molecule in the predissociative state to
the second excited state which decomposes into
Na(3p?Pisg or 32) +1(5p?P3s) or the dissociated atom
Na(3s2S,2) to Na(3p2P1s o 32) depending on the wavelength
Apr. The atomic fluorescence Na(3p®Pyy or 32) — Na(3s28,)
was used to detect the probability of the second excitation.

overlapped, the multicomponent decay profile may
be decomposed to estimate the shortest lifetime. This
can be used to confirm whether the line width
observed by high-resolution spectroscopy is really due
to lifetime broadening. However, we must be careful
because a fast decay component may arise from a fast
dephasing of the quantum beats.

The dynamics of predissociation in real time has
been studied by using femtosecond transition-state
spectroscopy (FTS).3%4° The experimental methodol-
ogy of this technique is presented in ref 39. If the
duration of the laser pulses is shorter than the
lifetime of the curve crossing, we can monitor the
evolution from the bound state to the dissociative
state. This may be understood by referring the
potential curves of Nal molecule shown in Figure 7.
A predissociative level is excited by a femtosecond
pulse laser. A femtosecond probe pulse is used at
different delay times and wavelengths to detect the
dissociation products or the predissociating mol-
ecules. From this, the real-time dynamics of the
period of the wavepacket motion, the dephasing of
the wavepacket, and the curve crossing probability
can be measured. Thus, a direct view of the evolution
of the quantum mechanical wavefunctions, the po-
tential energy curves, and the coupling strength
between the bound state and the dissociative state
are provided from these experiments.
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Figure 8. The excitation spectra for the crossed laser and
molecular beams of Kg, which were measured by selectively

detecting the molecular fluorescence Ky CUIL, — xlz;
(top), the atomic fluorescence K Dg (middle), and the atomic
fluorescence K D; (bottom). (Reprinted from ref 14.
Copyright 1981 Chemical Society of London.)

C. Photofragment Spectroscopy

Photofragments of alkali metal dimers excited by
light of visible or ultraviolet wavelengths often emit
visible light. Breford, Engelke, Ennen, and Meiwes!4
have measured excitation spectra using a laser
crossed with molecular beams of Ko and Rby by
selectively detecting the atomic fluorescence (the Dy
or Dy line) and the molecular fluorescence. The
observed spectrum is shown in Figure 8. The depen-
dence of the predissociation rate on the vibrational
quantum number v’ is clearly observed, and the
selective dissociation into K(4p?Pss) + K(4s2S1s)
atoms is also observed. The excitation spectrum
measured by selectively detecting the fluorescence
from the fragments was found to be orders of mag-
nitude more sensitive than the classical method of
absorption for tracking and studying predissociation.

A part of the Doppler-free excitation spectrum!® of
the Csp DIZ] — X' transition measured by de-
tecting selectively the intensities of the molecular
fluorescence Cs, D'Z — XIZ; and the atomic fluo-
resence Cs 6p?Ps;; — 6s2Sy)2 is shown in Figure 9. In
this work, the v and J dependences of the predisso-
ciation D'Z[(v,J) — Cs(6p?P32) + Cs(6s%S1) are
observed. The rate of predissociation, which depends
on v and J, can be determined from the spectral line
width. The quantum yield of the predissociation can
be determined by comparing the intensities of the
molecular and atomic fluorescence.

When the photofragments are in the ground state
or in a nonradiative excited state, they may be excited
by a second laser. The fluorescence intensity may
be measured as a function of frequency of the
dissociation laser light, and the resulting spectrum
is called a PHOFEX (photofragment excitation) spec-
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Figure 9. Doppler-free excitation spectra near the Cs;
D'Zi (v = 28,J' = 45) — X'S(v” = 2,J” = 46) transition.
Upper trace (A) is the excitation spectrum measured by
detecting selectively the intensity of the molecular fluo-
rescence. Lower trace (B) is the excitation spectrum
measured by detecting selectively the intensity of the
atomic fluorescence Cs 6p?P3p — 652S)5. (Reprinted from
ref 15. Copyright 1991 American Institute of Physics.)

trum.*! From the excitation spectra of the photo-
fragments, we can get information on the distribution
of molecules in each electronic, vibrational, and
rotational level as well as the velocity vector of the
photofragments.*? For example, the Doppler profile
of the fluorescence from Na(3?P;) fragments*® re-
sulting from predissociation of the quasi-bound level
Nay B, (v'=31,J'=42) was observed. The photo-
fragments can also be detected by ionizing the
neutral fragments. If the fragments are charged
species, they may be detected by a mass spectrom-
eter.

V. Predissociation of Diatomic Molecules

A. Hydrogen Molecule

The hydrogen molecule H; is the lightest molecule,
and the departure from the Born—Oppenheimer
approximation is large, although the spin—orbit
coupling is small. Hj; is also the simplest molecule,
and its potential curves can be calculated with
reasonable accuracy. Nonadiabatic interactions can
also be easily calculated. Hence, many experimental
results on Hy can be compared with the theoretical
results. The potential energy curves of the low
singlet state‘*~*” are shown in Figure 10. In this
section we discuss the important findings which have
developed our understanding of the molecular struc-
ture and the dynamical behavior of Ho.

Beutler, Deubner, and Jiingen*® have found that
the DIIT,—X!Z" absorption lines are broadened, and
suggested that the line broadenings were due to
predissociation of the D!II, state. Monfils*’ found
that the P and R branch lines are broadened and the
Q branch lines are not: the e levels of the DI, state
were perturbed but the f levels were not perturbed.
Using the selection rules for the perturbation, e <= e
and f < f, the perturbing state which causes the
predissociation of the DI, state is identified as a
5" state. The absorption spectrum of the hydrogen
molecule in the 84.0—93.0 nm region was also studied
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Figure 10. The potential energy curves of the singlet
states of Hy. The curves of the X'X (1s0)’, B'Z (1s0)
(2po), and CMI(1s0)(2pn) states are from ref 44. The
ones of the D'ITy(1s0)(3pxr) and D I1,(1s0)(4pn) states are
from ref 45. The one of the B"'X (1s0)(3po) state is from
ref 46. The ones of the B"'X (1s6)(4po) and D" I, (1s0)-
(5pm) states are from ref 47. The curve of the Xzzg(lso)
state of Hy* is from Sharp, T. E. (At. Data 1971, 2, 119).

by Namioka.*® The P and R lines of transitions to
levels with v = 3 of the D!II, state were observed to
be broadened. The RKR curves (potential curves
obtained by the Rydberg—Klein—Rees method*®-51)
of the DIII, and B’IZ: states cross at about the v =
3 level of the B'S] state and the v = 1 level of the
DI, state. In addition to a strong heterogeneous
(AA = 0) perturbation between the B’IZ: and D!II,
states, a weak heterogeneous perturbation between
the B"'Z, and DI, states and a medium strength
homogeneous (AA = 0) perturbation between the
B''S" and B"'Y states were observed. Dalgarno
and Allison®? have calculated the absorption cross

sections for transitions to the dissociative BT,

CI,, and BIZ: states. The calculations show that
the direct photodissociation dominates in absorption

to the B'Z] continuum.

More direct measurements of Hy predissociation
were accomplished by measuring selectively the
intensity of emission from the dissociated atom
(Lyman-a) as a function of absorption wavelength
(Lyman-a excitation spectrum).’® Mentall and Gen-
tieu®* studied the photodissociation and absorption
cross sections in the 70.0—86.0 nm region by measur-
ing the Lyman-a excitation spectrum and the absorp-
tion spectrum. The photodissociation quantum effi-
ciency was found to be unity from 85.0 nm to the
photoionization threshold at 80.4 nm. The dissocia-
tion efficiency was about 10% at the shorter wave-
lengths.

High-resolution measurements of the line widths
and the line shapes of isolated absorption lines have
been carried out for the DIHu—XIZ; transition of Hy
and D2.5% The v and J dependence of the line widths
I'(v,Je) of the DI, (v,Je) levels in Hy, and Ds is
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Table 1. Line Widths I' (v, JJe) in Wavenumber (cm™!) of the D' (v,Je) levels in H; and D,

v J=1 ref J=2 ref J=3 ref J=4 ref J=5 ref

H, 3 3.7 9 11.5 9 22.7 9

4.83 +0.23 19 1454+ 0.7 13
H, 4 3.8 9 11.9 9 24.6 9

4.83 + 0.23 18 145+ 0.7 13
H, 5 3.9 9 12.2 9

4.60 &+ 0.03 18 138+ 0.9 13
H, 7 11.0+1.0 13

3.67 +£0.37 18 11.3+1.5 14
H, 8 10.2 +£ 0.2 13

3.40 4+ 0.30 18 123+ 1.5 14
H, 9 9.0+ 0.6 13

3.00 +£ 0.20 18 9441.0 14
H, 10 9.0+ 05 13

3.00 £0.17 18
H, 11 99+09 13

3.00 +£0.30 18
D; 4 2.3 9 3.5 9 7.4 9 13.9 9
D, 5 2.3 9 3.6 9 7.6 9 14.2 9
D; 6 2.3 9 3.7 9 7.7 9 12.8 9
D, 7 2.3 9 2.3 9 7.5 9 14.8 9 27.7 9
D, 9 39+£1.0 14 7.7+15 14
D, 10 394+1.0 14
D, 12 39410 14

summarized in Table 1. The line widths were
observed to increase with increasing J and were
greater for Ho as compared with Ds. The predisso-
ciation of the DI, state was confirmed as originating
from the L-uncoupling interaction between the DI,
and B"'Z! states.

Simultaneous measurements of the absorption
spectrum and the Lyman-a excitation spectrum have
also proved to be very useful for studying predisso-
ciation. Because only predissociating levels can be
observed in the Lyman-a detection, the Lyman-a
excitation spectra are considerably simpler than the
absorption spectra.

By assuming the L-uncoupling interaction between
the DI, and BT states, the line widths of the
dissociating levels have been calculated, and the
results are in good agreement with the observed line
widths.5657 The calculated results indicate that the
line width decreases monotonically as the vibrational
quantum number of the DIII, state increases, and
this is caused primarily by a decrease in the vibra-
tional overlap integral. Conversely, the line widths
around v’ = 10 and 11 are observed to increase. In
order to interpret the observed increase of predisso-
ciation at large v’ levels, the influence of the
B”B'S(1s0)(4po) is suggested.’5° However, be-
cause the accuracies of the reported line widths are
very low, more precise experimental data, especially
the Lyman-a excitation spectra of the DI, and
B”B!S’ states are necessary to be definitive.

The vacuum UV continuum of the synchrotron
radiation has made it possible to observe the highly
excited levels of Hy at improved resolution. The
predissociation of the D’I1, state was observed®® and
is thought to be due to accidental predissociation.
Two channels of this accidental predissociation have
been suggested: vibronic interaction between the
D1, and DI, states followed by electron—rotation
interaction between the DI, and B"'S} states, and
the electron—rotation interaction between the D’1,
and B”B!Z’ states followed by vibronic interaction
between the B”B'S! and B! states. The excita-

tion spectra were observed by detecting selectively
the atomic Lyman-a and Balmer-a, -3, and -y lines
in the 68.0—86.0 nm region.?! By comparing the
absorption spectra with the Lyman-o excitation
spectra, it was found that the DI (e) levels were
fully predissociated even above the ionization limit.

Predissociation of molecular Rydberg states was
found above the dissociation threshold of the dis-
sociation to H(1s) + H*(n = 2, 3, 4, and 5). The
predissociation yields of the I, (1so)(np7n) (n = 3—9)
levels were deduced from a peak-to-peak comparison
of the simultaneously observed absorption spectrum
and Lyman-a excitation spectrum.® The spectra in
the 77.0—85.0 nm region were measured,® and the
contribution of the predissociation to the production
of H(n=2) + H(1s) atoms for the white-light excita-
tion is found to be more than two times efficient than
the direct photodissociation. The absorption spec-
trum in the 76.5—85.0 nm region and the excitation
spectra were measured by detecting separately the
Lyman-a emission and the molecular fluorescence
with a resolution of 0.005—0.007 nm, and the pre-
dissociation yields of the rotational and vibrational
levels of the !Il,(e)(1so)(npn) state and the

15"(1s0)(npo) state were determined.®

Laser spectroscopy is superior in resolution, and
the application to the spectroscopy in the VUV region
is in rapid progress. The high-resolution spectra of
the DI, D"!1,, and B”'S] states in Hp, HD, and
D, were measured by using tunable laser light
around 83 nm, and predissociative lines with line
width as narrow as 0.3 cm~! were observed.® By
exciting the E'S; — X'S! two-photon transition
with the 201.7 nm laser hght and then further
exciting to high Rydberg states with a narrow-band
laser, transitions to high singlet np Rydberg states
were observed with sub-Doppler resolution.®® Decay
processes of the singlet gerade Rydberg states, which
were pumped sequentially by the VUV and UV laser
beams, through autoionization, predissociation, or
electric field ionization have been studied.®’
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Figure 11. Absorption spectrum of the R(0) and R(1) lines
of the DIHu(v=5)-—X12§(v=O) band of Hy and the profile
analysis from ref 55.

Spectroscopic studies on the triplet states of Hp
were performed by observing the optical transitions
from the metastable c*I1,(1s0.)(2pmy) state. Hp mol-
ecules in the c®I1, state are commonly formed by
electron-impact excitation of Hy or charge exchange
collision of Hy*. Spectra of very high resolution were
measured by using a tunable single-mode laser
crossed with a collimated beam of metastable Hs
molecules formed by electron-impact excitation, and
predissociation in the 4s and 4d triplet states were
detected via Lyman-a emission.®® Fast-beam photo-
fragment spectroscopy was applied to study the
photodissociation of the metastable Hy; formed by
charge exchange of Hy™ with Cs vapor,®® and a very
rapid (r = 10713 s) predissociation of the j3A (v=5)
levels and relatively slow (r = 1078 s) predissociations
of the quasi-bound levels of the th+ (v =4) and
i*TI(v=4,5) states were observed.

The optical transitions from the ground state to

both the dissociative continuum of the B"'Z] state
and the bound levels of the DI, state are symmetry
allowed. The line shapes of the R(0) and R(1) lines
of the DI (v=5)—X'E, band were found to be asym-
metric. They were anaglyzed by fitting them to a Fano
profile (see Figure 11).55 Fano profiles of the R(0)
and R(1) lines from v’ = 3 to v’ = 11 were studied
extensively.?85%6¢ Although the two lines of J = 1
and 2 are overlapping, especially, at small values of
v, the values of the Fano parameter g for transitions
toJ =1 and J = 2 levels of the DII, state were
determined fromeq 17as ¢ =—18 £ 2and —9 + 1,
respectively.?®64 The photodissociation cross section
for transitions to the dissociative continuum of the
B’S! state at several excitation wavelengths was
obtained directly from the analysis of the Fano
profiles.?® Rotational coupling of the j*A,(v=5,N)
level with the vibrational continuum of the i*II; state
induces predissociation of the j3A (v=5,N) levels. Both
of the j®A; and 1[I, states are optically allowed from
the c®I1, state, and asymmetric lines with widths of
around 50 cm~! were observed for transitions to
j3A(v=5,N=2) levels.®® Fano profiles were measured
for the j3A, — c®I1, transitions’® by using a double-
resonance technique which monitors all photoabsorp-
tion from a selected c*I1,(v,N) level by detecting a
reduction of the ionization rate in a transition to an
autoionizing level.
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The H, molecule in the DII, state predissociates
into H(1s) and H(2p or 2s) atoms. The H(2s) and
H(2p) branching ratio in the predissociation of the
DI, (v=38,J=1 and 2) levels, which are near dissocia-
tion threshold, have been measured by Comes and
Wenning,”! Mentall and Gentieu,’* and Mentall and
Guyon.”? Mentall and Guyon” determined the
branching ratio by observing the effect of an electric
field on the Lyman-a emission. The electric field can
cause a mixing of the 2p%Py, and 2s%S,; states, which
are separated by only 0.036 cm~!. In their analysis
they assumed that atoms initially formed in the
25282 state acquire a 2p character and radiate the
Lyman-o emission. However, it is expected that the
electric field can change the H(2s) and H(2p) branch-
ing ratio, especially near the threshold.

Quantum mechanical calculations on the predis-
sociation DT, — H(1s) + H(2s) and H(1s) + H(2p)
have been extensively studied.”>-7¢ A very accurate
calculation is possible for this simplest molecule.
However, more extensive experimental studies are
necessary. A combination of synchrotron radiation,
as a strong light source for predissociation, and a
laser, as a high-resolution light source to probe the
dissociation products, will be a promising future
study. A tunable narrow line laser can be used to
detect separately H(2s%S,,0), H(2p?Py), and H(2p?P3,)
atoms by measuring the excitation spectrum of the
dissociation products. Combination of these experi-
mental data with theoretical calculations will be
promising more complete understanding of the pre-
dissociation.

Comes and Wenning” found that H; predissocia-
tion could be induced by an external electric field and
that this predissociation was enhanced for states
near and above the ionization limit. Qin, Bistransin,
and Glab’ studied the Stark effect of high Rydberg
states of para-H; in the [-mixing regime through
detection of predissociation, and the predissociation
of the high Rydberg states was found to be induced
by the electric field. From further work it will
become clear how the electric field affects the dynam-
ics of these excited states.

B. Alkali Metal Molecules

Alkali metal molecules have absorption bands in
visible and ultraviolet (UV), and the photodissociated
atoms often emit visible radiation. Therefore, alkali
metal molecules are very suitable for studying pre-
dissociation, and many extensive studies have been
reported.

1. Lip

The predissociation of the b(1)’II, state by the
electron—rotation interaction with the repulsive a(1)
=7 state has been predicted by Uzer and Dalgarno.™
Rice, Xie, and Field® measured the ®Li; (1)3A; —
b(1)%I1, rotationally resolved dispersed fluorescence
spectra following perturbation-facilitated optical—
optical double resonance (PFOODR) excitation to the
(1)3A(NJ) level. They found the f~symmetry A-com-
ponents of b(1)°I1,(F;) were broadened owing to
predissociation through the a(1)3Z state. Spectra
of the SLis (1)3A; — b(1)°I1, dispersed fluorescence
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Figure 12. Spectrum of the Nag B!I1,(v’=33 and 32,J")—
XS5 (v”=34,J"=19 and 21) transitions. The X'= (" =
34,j” = 19 and 21 levels were populated by the first laser,
which pumped the A'Z](v=20J=20)-X'3;(v=0J=19)
line. The line broadening caused by predissociation in-
creases with v” and J’. (Reprinted from ref 87. Copyright
1991 Elsevier.)

measured at high resolution using a Fourier trans-
form spectrometer, and the line widths and energy
level shifts were obtained as a function of v, J, and
N8

Uzer and Dalgarno’ predicted the indirect predis-
sociation of the A'S state, which was caused by the
spin—orbit coupling with predissociating levels of the
b(1)°I1, state. Experimental evidence of this indirect
predissociation was reported by Preuss and Baum-
gartner.8? After a systematic check of lifetimes of
more than 2000 individual rotation—vibration levels
of the A'S state, the lifetimes of 46 levels were
found to be much shorter than expected. In order to
understand these results, rotational coupling matrix
elements between the b(1)°Il, and a(1)3Z] states,
line shifts of rovibrational levels of the b(1)?I1, state,
and spin—orbit coupling matrix elements between the
b(1)*T1, and A'S] states were evaluated.884

2. Na,

The BIII, state of homonuclear alkali metal di-
atomic molecules has a potential barrier, which arises
from a repulsive dipole—dipole interaction at large
internuclear distances and an attractive electron-
exchange interaction which increases at small inter-
nuclear distances. When a molecule is excited to the
region above the dissociation limit but below the top
of the potential barrier, predissociation by tunneling
arises. This is similar to the predissociation by
rotation (type III). Keller and Weiner?® determined
the barrier height of the Nay B!II, state to be 366 +
8 em™!. In their experiments, a laser was used to
populate a low-lying vibrational level of the B!II,
state. Via radiative transitions from this state, high
vibrational levels of the ground XIZ; state are popu-
lated. A second laser was then used to transfer the
population of these levels to states near the dissocia-
tion limit of the B state. The form of the potential
curve near the top of the barrier was estimated from
the observed spectral feature due to tunneling. Us-
ing the method of modulated gain spectroscopy, the
uppermost vibrational level of the B state was
determined to be v’ = 33, and the position and the
height of the potential barrier could be calculated
from the line widths and level energies.® The
uppermost quasibound rovibrational levels were ex-
tensively studied by a molecular beam experiment
using a three-step excitation with Franck—Condon
pumping and spatially separated laser fields.?” A
portion of the observed spectra is shown in Figure
12, where the increase of the line width with v is
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Table 2. Level Energies and Line Widths T (v, J) in
Wavenumber (cm™!) of the Predissociative Na,
B, (v,J) levels (from ref 77)

e level flevel
v J energy line width energy line width
33 4 3031.520 0.0504 3031.516 0.0521
33 5 3032.102 0.0558 3032.107 0.0555
33 6 3032.806 0.0635 3032.803 0.0646
33 8 3034.545 0.0752 3034.546 0.0737
33 9 3035.588 0.0895 3035.583 0.0913
33 10 3036.750 0.1112 3036.744 0.1043
33 11 3038.002 0.1235 3038.006 0.1315
33 12 3039.367 0.1462 3039.376 0.1382
33 13 3040.841 0.159 3040.853 0.189
33 14 3042.430 0.214 3042.429 0.201
33 16 3045.892 0.306 3045.895 0.304
33 17 3047.761 0.344 3047.766 0.319
33 18 3049.742 0.517 3049.762 0.449
33 19 3051.815 0.600 3051.844 0.658
33 20 3053.984 0.751 3054.009 0.666
33 21 3056.180 0.97 3056.300 0.91
33 22 3058.633 1.13 3058.632 1.06
33 23 3061.099 1.32 3061.042 1.35
33 24 3063.56 1.71 3063.570 1.57
33 25 3066.18 2.03 3066.245 1.93
33 26 3068.84 2.16 3068.90 2.36
33 27 3071.96 2.68 3071.67 2.47

clearly observed. The increase of the line width with
J was also observed, and some of the level energies
and widths are listed in Table 2.

3. NaK

The Doppler-free high-resolution spectrum of the
BHI-XIZ" transition of 2?Na%K was measured by
optical—optical double resonance polarization spec-
troscopy.®® The BI state is correlated with the
atomic asymptote Na(3s2Sy) + K(4p?Psz). Remark-
able line broadening was observed for transitions to
levels above the dissociation limit to Na(3s2Sy.) +
K(4p?P,). This broadening was identified as origi-
nating from the predissociation to Na(3s2Si») +
K(4p?Py5) atoms caused by spin—orbit interaction
between the BIII and (2)3Z* states. The potential
curves were estimated to cross around the inner
turning point of the B!II(v'=34) level.

4. K,

By detecting separately the intensities of the mo-
lecular fluorescence and of the atomic fluorescence
(either Dy or D; line), the Ko CUI.(v") — X'Z(v")
transitions between 420 and 440 nm were studied
by Meiwes and Engelke.?® The C!II, state was found
to predissociate selectively to K(4p?Ps) + K(4s2S)0)
atoms, and a dependence of the predissociation rate
on v’ was clearly observed (see Figure 8). The
dissociative state was identified as ¢®Z. The E!MI,
state was observed to predissociate in the energy
region 26600—28000 cm™1.%0

5. Rb:

By studying the laser photoluminescence, Brom
and Broida® found that the CI1, state predissociated
strongly. When a molecular beam of Rb; was irradi-
ated by the 4765 A line of the Ar* laser, the resulting
emission was observed to consist of molecular fluo-

rescence belonging to the C'IT, — XIZ; transition
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and atomic fluorescence from the Rb(5p?Ps;) fine
structure component (the Rb D; line).%2 The atomic
fluorescence was caused by partial predissociation of
the CI, state. By exciting Rbg in a supersonic beam
with a pulsed dye laser, Breford and Engelke®
observed that (a) the CII, state predissociates se-
lectively to Rb(5p2Ps;) + Rb(5s2S)2) atoms, and (b)
the low vibrational levels of the DI, state predis-
sociate selectively to Rb(5p?P3) + Rb(5s2S)/2) atoms,
whereas the high vibrational levels of the D!TI, state
predissociate selectively to Rb(4d?Ds/) + Rb(552S;2)
atoms. The predissociation of the CIII, state and of
the low vibrational levels of the DIII, state were
identified as caused by potential curve crossing with
the ¢®T state. The predissociation of the high
vibrational levels of the DI, state were believed to
be caused by an unknown molecular state, most
probably the d°I1, state. The population of the
magnetic sublevels M, of Rb(5p?Pg.,) atoms pro-
duced by predissociation of the CMI, state was
determined from the intensities of atomic fluores-
cence lines split by the Zeeman effect.®* The spin—
orbit coupling between an excited level of the CIII,

state and levels of the ¢’S] state and the effects of
the external magnetic field were studied.

6. CSg

When Csg is excited by Ar* laser lines, molecular
fluorescence as well as the atomic emissions are
observed.?® The intensity of the Cs 6p?P3o — 6s2S;,
transition (Dg line) is about 10 times larger than that
of the Cs 6p?Py; — 6525, transition (D; line), and it
is identified as originating from the predissociation
of the EI, state. When the C!I1, state is excited by
the 632.8 nm line of a He—Ne laser, the selective
predissociation to Cs(6p?Ps) + Cs(6s2Sy2) atoms can
be observed.? The predissociation is estimated to
occur through the repulsive ¢S state. The rel-
evant potential curves of Cs; are shown in Figure 13.
The ¢*Z] state is denoted for the diabatic potential;
the inner part of the adiabatic potential of the (3)
ST state extends diabatically to the outer repulsive
part of the adiabatic potential of the (2)3% state.
The relative populations of the magnetic sublevels
M of Cs(6p®Pys 1,) atoms produced by predissociation
of the CIII, state following excitation by the 632.8
nm line of a He—Ne laser, were measured from the
intensities of fluorescence lines Cs(6p?Psqa,) —
Cs(6s2Sy/2.0,+1) split by the Zeeman effect, and the
preferential populations of the M; =3/, and M, = 1/,
were observed.”’

A two-photon technique has been reported for the
measurement of the relative cross section for the
selective photolysis of Cs; into a particular product
channel.®®% Two independently tunable dye lasers
were used. The first laser dissociates Csg by exciting
in the range of 445—640 nm and the second laser
excites the resulting products to Rydberg states,
which are readily ionized by collision and are detected
in a thermionic heatpipe. The time delay between
the photodissociation laser pulse and the detection
laser pulse for the photoproducts was varied to
separate collisional effects from the primary dissocia-
tion process. The red band was assigned as the
CIHu—XlZ; transition, and the CIII, state was con-
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Figure 13. Adiabatic potential energy curves of Css. A
repulsive state of the diabatic potential, which composed

of the inner part of the adiabatic potential of the (3)32:'
state and the outer repulsive part of the adiabatic potential

of the (2)°%] state, is denoted as ¢®X. (Reprinted from ref
15. Copyright 1991 American Institute of Physics.)

firmed to dissociate selectively into Cs(6p?Psq) +
Cs(6s2Sy,2). This selective photolysis was identified
as originating from the predissociation of the CI,
state through the repulsive ¢’T’ potential. The
occurrence of Cs(5d2Dsp) fragments was attributed
to direct photodissociation following the excitation

into the dissociative continuum of the DIZI state
which is correlated with the atomic asymptote
Cs(5d2Dsp) + Cs(6s2S12). The occurrence of Cs(5d2Dss)
fragments was estimated to result from predissocia-
tion of another !X state by a repulsive T’ state
correlated with both the atomic asymptotes Cs(5d?Dss)
+ Cs(6s%Sy2) and Cs(5d2Dg) + Cs(6s52Sys).

Raab, Héning, Demtroder, and Vidal'® studied the
C'M, — X'=; and D'S] — X'S; bands by using
techniques of Doppler-free polarization spectroscopy
and optical—optical double resonance polarization
spectroscopy. They observed a broadening of the
lines that suggested predissociation. To avoid the
effects of dissociation induced by collisions and to
obtain a Doppler-free high-resolution spectrum, Baba,
Nakahori, Iida, and Kat61®! used a tunable single-
mode dye laser to excite Csz molecules in a collimated
molecular beam. The intensities of the Dy, atomic
emission and of the C'IT, — XIZ; molecular fluores-
cence were measured separately as a function of laser
frequency. The dependence of the predissociation on
each vibrational and rotational level CI1,(v",J") was
studied by comparing the intensities of the molecular
fluorescence and the atomic emission. The predis-
sociation was found to depend strongly on v’ but
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Figure 14. The variation of the vibrational spacing AG,
= Gy+1 — G, (open circles) of the D'Z state of Cs; with v.
Filled circles are the fitted values of AG,, which are

calculated from the molecular constants. (Reprinted from
ref 15, Copyright 1991 American Institute of Physics.)

weakly on J” and occurred most strongly around the
v" = 3 level. The Franck—Condon factors between
the RKR potential curve of the C!, state and several
repulsive potential curves were calculated and were
compared with the observed predissociation rates.
The potential curve of the (2)’Z] state, whose adia-
batic potential was expected to be dissociative, was
estimated to cross the potential curve of the CMI,
state between the left turning points of v’ = 1 and v’
= 0 levels. Energy level shifts and line broadenings
were observed for the CI,(v'>10) state, but more
extensive studies are needed to unravel their complex
behavior.

a. Indirect Predissociation of Cs; D'L]
State. Amiot, Demtréder, and Vidall®? studied the
D'Z — X!=? band by a Fourier-transform spectros-
copy, Doppfer-free polarization spectroscopy, and
optical—optical double resonance polarization spec-
troscopy. They found an unusual vibrational spac-
ings as well as line broadening in the spectra of this
band. Katd, Kobayashi, Chosa, Nakahori, Iida, Kasa-
hara, and Babal® studied extensively the perturba-
tion and the predissociation within the rotational
levels. The Doppler-free polarization spectra up to
v’ = 58 were measured, and the molecular constants
of the D'S] state were determined. The variation of
the vibrational spacing AG, = G,+1 — G, is shown in
Figure 14. Large deviations of AG, from the fitted
AG, curve were observed for v’ larger than 35.
Conversely, almost all rotational levels of a vibra-
tional state were observed to deviate uniformly.
Perturbations can occur only between levels of the
same total angular momentum J: the selection rule
is AJ = 0.7 The energy shift is expected to be large
when the energy separation between the perturbing
levels is small. The AG, values observed for v’ = 35—
58 showed that some lines were shifted upward and
some lines downward from the fitted values. If the
perturbing state is a continuous state, such nonuni-
form energy shifts are not observed. Using this fact,
the perturbing electronic state was concluded to be
a bound state. Parallel shifts of all the rotational
levels of a vibrational state can occur if the rotational

Kat6 and Baba

constants of two perturbing vibrational state are
equal. Hence, the equilibrium internuclear distance
of the perturbing state was estimated to be nearly
equal (within +0.2 A) to that of the D'Z] state.
The perturbing state was assigned as the (2)%IIo,
state, which asymptotically dissociates into Cs(5d%Dsp)
+ Cs(6s2S;12) atoms. The perturbation between the
D'} and (2)%[Ig, states is induced by spin—orbit
interaction. The nonvanishing matrix elements be-
tween the three Hund’s case (a) states 3TIg (Q = 0,

1,and 2) and a 12: state are given by
(T V' IM|Hgo | Tevd M) = & (37)

where the symbol e refers to an e level of the A-type
doubling, M is the quantum number of a component
of J along the space-fixed Z axis, and ¢ is a constant.
For a given pair of interacting levels, the higher level
is displaced upward and the lower level downward
by equal amounts. From the direction of the energy
shift of the D'X(v) level, the location of the
(2)*ou(v) level was estimated. For a given , the
smaller the separation between the levels is, the
larger are their shifts. By analyzing a series of shifts
of observed vibrational energies of the D' (v’ =
35 — 58) levels, the value of AG, for the (2)%I1y, state
was estimated to be 12 cm™! around D'S/(v' = 40),
and the value of wexe to be 0.03 cm™1, The potential
curve of the (2)%IIy, state was determined to cross the
potential curve of the D'T] state at about v’ = 40,
because large shifts of the vibrational levels D'E]
(v") were observed above v = 35. Since the level
shifts were observed only for v’ > 32, the potential
minimum of the (2)%I1y, state was estimated to lie
above the potential minimum of the D'E] state.
The potential curve of the (2)*I1,, state was calculated
using the above constraints. The unperturbed level
energies, which are the energies calculated from

the molecular constants of the D'X(v/,J’ = 0) and
(2)3Tou(v,J=0) levels are schematically shown in
Figure 15. All the energy shifts AE of the observed
D'Sf(v'J’ = 0) levels from the unperturbed levels
are explained accurately by the location of the
unperturbed levels.

In order to study the predissociation at Doppler-
free high resolution under collision-free condition, a
collimated Cs; beam was crossed at right angles with
the laser beam, and the excitation spectra were
measured by detecting separately the intensities of
the molecular fluorescence and the Dy or D, atomic
fluorescence. It was found that the predissociation
of the D'Z’ state occurs appreciably for v’ > 20, and
the probability of predissociation increases with
increasing v’. The DIZ:(SS = v’ > 20) levels decom-
pose selectively into two atoms Cs(6p?Psq) + Cs-
(6s%S112).

The v” and J” dependence of the line width I was
also measured. The observed dependence of I' on J’
for v" = 28 is shown in Figure 16. It is possible that
the line broadening is due to hyperfine splitting, but
no splitting of lines was observed with the spectral
resolution of 15 MHz. The predissociation rate of
molecular levels, which is proportional to the inten-
sity ratio of the corresponding lines in the two
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Figure 16. The line widths ' of the DI (v=28.J)—
X'=7(v” = 2,J + 1) transitions are plotted against J(J +
1). Open circles denote the R branch and filled circles
denote the P branches. The difference between the P and
R branches is due to the experimental uncertainty. (Re-
printed from ref 15. Copyright 1991 American Institute
of Physics.) ‘

excitation spectra monitored by the atomic emission
and by the molecular fluorescence, respectively, was
observed to increase parallel with the increase of the
line width. From these facts, the observed line width
is attributed to lifetime broadening.

The lifetime 7 is related to the predissociation rate
k, and the radiative decay rate &: by

v= 1k, +k,) (38)

The lifetimes of the D'I (v = 46’ = 30 — 70)
levels were evaluated to be about 1 ns from the
observed line width I" and eq 12. The increase of the
line width is indicative of the increase of the predis-
sociation rate. The radiative lifetime of the unper-

turbed D'Z/(v’, J’) level was reported to be about 35
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ns.1% From these facts, the observed line width is
attributed to the predissociation; the predissociation
rates k, of the D'S} (v’ = 46,J' = 30) levels are
evaluated to be 10° s™1. The line widths were
observed to increase with v’. This indicates that the
predissociation in the D' state becomes faster
with increasing v’.

The (2)°*I1y, state is a bound state. Hence, the
perturbation between the DIZ: and (2)%IIy, states
does not directly lead to predissociation of the
DIZ: (v",J") level. The most probable repulsive state,
which can contribute to predissociation, is the ¢’Z}
state. Interaction between the 'Y and %] states is
forbidden in first-order approximation. The pertur-
bation between the (2)°I1,, and ¢’Z states can occur
through electron-rotation (L-uncoupling) interaction.
The nonvanishing matrix elements are given by!®

Gy (ev)|H  PSE(IN=JJ)) = [J(J + 1)]*?B; (39)

where N and J are, respectively, the quantum
numbers of the rotational and the total angular
momenta, and By is a constant. Therefore, the

predissociation of the DIZ: state can occur by a
combination of spin—orbit interaction between the
DS (v, ) and (2)*ou(eve) levels: (D' (v')|Hgo|
(2’ (ev)) and the L-uncoupling interaction be-
tween the (2)3TIpu(evd) and ’Z/(N = JJ) levels:
CHowlev )| Hyr| S (N=J)).

The linewidth I', and hence the predissociation rate
k, of the D'Z(v" = 25 — 30) levels, was observed to
increase proportionally to J(J + 1). This is in
agreement with eq 39, which shows that L-uncou-
pling induces the predissociation and the rate is
proportional to J(J + 1). From these results, the

predissociation of the D' state was identified as
indirect predissociation, which is caused by a com-
bination of spin—orbit interaction between the
D'S7(v’J) and (2)*Tgu(eve) levels and L-uncoupling
interaction between the bound (2)*ITg,(ev) and dis-
sociative X (N = JJ) levels. The potential curve of
the c’T7 state, which is repulsive and decomposes
into Cs(6p?Ps) and Cs(6s2S;,,) atoms, was presumed
to extend to the inner wall of the D' state poten-

tial curve and to cross near the D'S(v" = 40) level.
At this position, crossing with the (2)%I1, state also
occurs (see Figure 13).

b. Magnetic Predissociation of the Cs; D'
State. Time-resolved fluorescence intensities follow-
ing the pulsed excitation of the v’ = 3, 27, and 47
levels of the D'S! state have been measured.1%3 The
lifetimes 7, in the collisionless limit were found to
be 7o = 37, 36, and 34 ns, respectively, for the
D'TI (v = 8), D'Zf (v = 27), and D'= (v = 47) levels.
When an external magnetic field was applied, a
remarkable change in the decay profiles of the
fluorescence intensity was observed for the excitation
to v’ = 27 and 47 levels (see Figure 6). However, no
change of the fluorescence intensity and of the decay
profiles was observed for excitation to the v” = 3 level.
The decay rates were found to be proportional to the
square of the magnetic field (H?), and the decay rate
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of v’ = 47 was observed to be faster than that of v’ =
27. This shortening of the lifetime was identified as
originating from magnetic predissociation (predisso-
ciation induced by a magnetic field).

The Zeeman interaction, which is responsible for
the magnetic predissociation, has nonvanishing ma-
trix element only between the same spin states: the
selection rule is AS = 0. Hence, the magnetic
predissociation of the D'S] state does not occur
through the direct Zeeman interaction between the
D'S] and ¢’z states. The D'T’ state is known to
interact with the (2)3I1,, state via spin—orbit interac-
tion.}®> The nonvanishing matrix elements of this
interaction are given by eq 37. The perturbation
between the (2)3Io(evdM) level and the c3Z:
state occurs by the Zeeman interaction Hz, and the

nonvanishing symmetric matrix elements are given
byl08

CIl evdM|H, * s v N=JJ+1M) =
J+2[(J —M+1)J + M+ D2
2J +3| 2 +1)2J + 1)

M
— 2 _CH
[2J(J + 1)]M?

(Il evdM|H, s v N=JJIM) = —

CHevd M|H,) S v N=JJ—1M) =
J — 1 [(J — M)(J + M|

T2 -1 2J(2J+1) CH

4

CTevdM|H S v N=J+2J+1M) =
1 [J+2)J - M+ 1)J + M+ D2

2J + 3| 2J(2J + 1) ] cH
CHevdM|H, S v N=J —2J—1M) =
_ 1 [J =1 - MYJ + M)
2J — 1| 2(2J + 1) CH (49
where
C = 27V%(1|L, 107 v Jup 4D

The predissociation in the presence of an external
magnetic field, accompanying the D' (v'JM) —
XIZ;' @”J — 1M) excitation, is induced by a combi-
nation of the spin—orbit interaction between the
DIZ: (v’'JM) and (2)*IIou(evJ M) levels, and the Hyz +
Hj interaction between the (2)*ITou(evJM) and c’%

(v N = JJ'M) levels. The rate ky(v'JM) is calculated
to be

k(v IM) = (XS5 (v —1M)|uy D'ZS (v IM))?
x (D3 (v'JM)|Hgo|(2)’ Ty, (evIMD)
x |((2)* My, (evJ M) H ;; +
H,| S N=JJ' M)? (42)

where uz is the electric dipole operator along the
space fixed Z-axis with the electric vector of the laser
beam and the external magnetic field pointing into
the same direction. By averaging over all molecular
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Figure 17. Experimental setup for the Doppler-free
excitation spectroscopy in the presence of an external
magnetic field. The fluorescence from the dissociated atom
Cs(6p?Ps) was selected by placing appropriate interference
filter (F) in front of the photomultiplier (PM). Cross-
sectional view of the molecular beam apparatus: (a)
longitudinal section, (b) cross section. (Reprinted from ref
104. Copyright 1993 American Institute of Physics.)

orientations and summing over J’ =J + 1, J, and J
— 1, we obtain

k() = W’ CPC*H?J(16J° + 2J° — 23J +
11)/30(2J — 1)%2J + 3) +
WPEBAIAI + 1)/3(2J — 1) (43)

where u is the electronic transition moment along the
molecular axis. Thus, the predissociation rate is
expressed as a sum of the rate induced by the
Zeeman interaction and the rate induced by the
L-uncoupling interaction. Equation 43 shows that
the rate of the magnetic predissociation is propor-
tional to H? in accordance with the observed results.
Both the C and By values are approximately propor-
tional to the overlap integral (viv.). The fact that
both the rates of the magnetic predissociation and
the predissociation in the absence of the magnetic
field increased with v’ can be explained if the overlap
integral increases with v’. Thus, the shortening of
the lifetime by an external magnetic field was identi-
fied as originating from the magnetic predissociation
caused by a combination of the spin—orbit interaction
between the D'Z and (2)3IIy, states and the elec-
tronic Zeeman interaction between the (2)°IIo, and
¢’T’ states.108

The line shapes of transitions to the predissociative
levels D'S!(v",J") and the effects of magnetic field
were studied by measuring the excitation spectra
obtained from selective detection of the fluorescence
intensity from dissociated atoms Cs(6p2P3s2).1%¢ The
experimental setup is shown in Figure 17. The
spectra of the D'S.(v/ = 46,0’ = 54) — XIZQ(U” =
0,J” = 55) transition in the absence and presence of
the magnetic field are shown in Figure 18. The
Lorentzian line shapes were observed to increase in
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Figure 18. Spectral line of the D'S7 (v = 46,J" = 54) —

12 (v”=0,J"=55) transition, and the change with the
magnetlc field. (Reprinted from ref 104. Copyright 1993
American Institute of Physics.)

width proportional to H?, which agrees with the
results of the time-resolved studies.!® However,
some lines were observed to change from a Lorent-
zian to an asymmetric line shape accompanied by an
energy shift of the intensity maximum, and the line
width increased abruptly with the magnetic field.1%4
This is thought to be due to the Zeeman interaction
between the (2)311y, and (2)3I1;, states.

C. Halogens

The electric transitions of the diatomic halogens
and interhalogens are in an experimentally conve-
nient spectral region, and therefore many excellent
studies on their predissociation have been reported.
A review on the fluorescence decay dynamics has
been given by Heaven. 10

1. s

a. Predissociation Induced by Rotational and
Hyperfine Interactions. Predissociation of the
B3I1y+, state was found by detection of I(?Ps2) atoms
by electron spin resonance.l?® Chutjian and James!?
found a significant amount of predissociation occur-
ring within the B3IIy+, state by comparing the purely
radiative decay rate with the total decay rate for the
v’ =14 —v” =1and v = 25 — v” = 0 band of the
B3Ho+u—X12;(O+) transition. The former was ob-
tained from the line strength of the absorption
spectrum, and the latter was obtained from the
lifetime of the fluorescence decay. Chutjianl® cal-
culated the rate of predissociation which was induced
by the rotational interaction (see section III.C.3)
between the B3I+, (v’,JJ”) bound level and the 2431
11T, continuum level. The notation 2431 is defined
in ref 109 and indicates the electronic configurations
of the molecular orbitals in Is. The rate of predisso-
ciation is then given by

=k, J(J +1) (44)

pred

where &, is a rate constant which depends on v’. The

Chemical Reviews, 1995, Vol. 95, No. 7 2327

24000 'l L] T T L
L : J
o 1
| 4
1
L " 4
-~ I -
n
ET ! B oy Cm g
O L ' A
b 1
Ww L : L
m T
i ! TR i
- A fuem ]
- -——+ ________
12000[ i — / q
> J_'.' ol XJ[Q( Da !
43 3 e 5
R(A)

Figure 19. Potential energy curves of Iz in the region of
interest.

dependence of the rate on the rotational level J” was
studied, and the predissociation was identified as
originating from the rotational interaction between
the B3I+, (v’,J’) and 2431111, states. The potential
curve of the 243101,, state was estimated from the
v’ dependence of the predissociation, and excellent
agreement between the calculated and observed
relative predissociation rates for v’ = 14, 25, and 50
was obtained. By applying technique of photodisso-
ciation translational spectroscopy, Busch, Mahoney,
Morse, and Wilson!? observed the predissociation of
the discrete B3I+, level under molecular beam
conditions with no collisional perturbation.

Photodissociation quantum yields in the 500—630
nm region were determined by measuring atomic
emission.!! By analyzing the lifetimes and photo-
dissociation yields, a plot of I versus vibrational
quantum number shows a sharp peak at v’ ~ 5,
negligibly small near v’ = 14, and a broad weak
maximum around v’ = 26.112 The absorption coef-
ficient of I, in the 420—800 nm was measured, and
by referring to the above results, the contributions
of the 2431'Ty, — X'Z}, Blo-, — X'Z;, and AT,
— X3 transitions to this absorptlon were ex-
tracted.11® Potential energy curves of the relevant
states of I, deduced by Tellinghuisen are shown in
Figure 19.

Lifetimes of individual rovibrational levels in the
B®I1y+, state were measured systematically.114115 Ag
alluded to eq 11, the inverse of the lifetime 7 is
related to a radiative decay rate I';.q and the predis-
sociation rate I'yreq by

Vz=T =T, +T (45)

pred
From the J(J + 1) dependence of T4, the predisso-
ciation was demonstrated as originating from the
rotational interaction, and the rate constants k,
defined by eq 44 were determined. I';.q obtained by
extrapolation of I' to J = 0 showed a similar v
dependence with k,. From this fact, Broyer, Vigue,
and Lehmann!!® estimated that the value of I'..q were
not the true radiative decay rate and still included a
predissociation term. The predissociation was thought
to occur through an interaction with the 2431111,,
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state because of the same v dependence with &,. This
predissociation was caused by the hyperfine interac-
tion, and the total decay rate is expressed as

I=T,,+T+T,, +EJJ+1)  (46)

int

The hyperfine predissociation rate I'ys and the inter-
ference term Iy, were expressed as

Iﬂ_mfh 3(LJ)° + /I — T2
b 73] (2J — 1)(2J + 3)

(47)

T, = —v2a,c,IJ (48)

where a, is the hyperfine predissociation coefficient
and k, = |¢,)?. The lifetimes of the hyperfine sublev-
els for a given J are expected to be different and
depend on whether J is even or odd. This was
experimentally confirmed by the observation that the
lifetimes of ortho (J: even,I =1, 3, and 5) and para
(J; odd, I = 0, 2, and 4) levels, which were averaged
over hyperfine sublevels, were different and that the
decay was nonexponential.l® More directly, the
lifetimes and fluorescence yields of individual hyper-
fine components were measured for a number of
B3I+, (v',J") levels, and the rotational and hyperfine
predissociation parameters c¢,2 and a2 were
determined.?8:117-123

b. Predissociation Induced by a Magnetic
Field. In 1913, Steubing!?* discovered that the
B3I+, — XIZ; fluorescence was quenched by an
external magnetic field. Turner!?® suggested that
this quenching originated from magnetic predisso-
ciation. Van Vleck!?® suggested that the mixing of
the B%Ily+, state with the 3IIy-, state caused the
magnetic predissociation. The rate constants were
determined by studying the quenching of fluorescence
intensity and the shortening of the lifetime by the
magnetic field.1?7-12° A quantum interference effect
between the magnetic predissociation and natural
predissociation were observed.13%131 Such an inter-
ference occurs only if the natural and magnetic
predissociations of the B3I+, state are both induced
by interaction with the same state, which was ac-
cordingly assigned as the 2431T;,. However, the
theory!3? was not completely correct because the
matrix element of the coupling between the B®II-,
and 243111;, states was evaluated to be zero. The
matrix element of the Zeeman interaction between
the B3IIy+, and 2431111, states was later shown to
be nonzero because the 24311,, state was mixed
with the 24313[1;, state by spin—orbit coupling.13

c. Predissociation Induced by an Electric
Field. Predissociation induced by the application of
an electric field was first predicted by Zener.13¢ The
Stark interaction eq 36 between two states i and j
can occur if an electric dipole transition is allowed
i.e. {luclf) = 0. Sullivan and Dows1% found that the
fluorescence from the B®Ily+, state was quenched
when an electric field was applied, and concluded
that this was caused by the electric field-induced
predissociation. Dalby, Levy, and Vanderlinde!3®
studied the v’ and JJ’ dependence, and concluded that
the unbound 1, state crossed the B®[Iy+, state near
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v’ = 0 on the inner limb of the potential curve. The
transition dipole moment between the two states was
estimated to be 0.13 + 0.07 Debye.

2. Br,

The B®II-X!Z* transition of halogen molecules is
caused by the partial 1=+ character of the B[1 state.”
A smaller absorption coefficient for the B—X transi-
tion is expected for Brs than for I, since the B3II—
X1Z* transition is more strongly forbidden for Bro
because of the smaller spin—orbit interaction. There-
fore, longer lifetime of the B®II state is expected for
Br; than for I,. A tunable dye laser was used to
excite selected vibrational levels between v’ =1 and
31 of the B3Iy, state of Brs.137 The lifetime was about
1.2 us near v’ = 27 and 0.15 us near v’ = 14, and the
two minima near v" = 1 and 14 were explained as
due to predissociation. The observed short lifetimes
indicate that the radiative lifetime contributes little
to the measured lifetime and that nonradiative
processes are very important. This large effect of
predissociation in Br; as compared to I; is consistent
with the conclusion that the predissociation is in-
duced by the rotational interaction, whereas the
interaction should be proportional to the inverse of
the square of the molecular mass. The existence of
a strong predissociation, which was induced by
rotational interaction between the B%Tl;, and 1II;,
states, was confirmed by measurements of rotation-
ally dependent lifetimes.1313° The potential curve
of the continuum state TI;, was deduced from the
analysis of the v’ dependence of the predissociation
rates.140141 Tt should be noted that the curve crossing
is the ¢~ case in I, and the ¢* case in Br; in
Mulliken’s notation® (the crossing point lies at the
inner limb of the B3Iy, state in Iy, but at the outer
limb in Bry). Hyperfine predissociation was also
observed from the intensity anomalies between the
components of resolved hyperfine structure of rota-
tional lines.14?-145 The effect of an electric quadrupole
hyperfine interaction to the predissociation was
observed, and the parameters associated with rota-
tional, magnetic dipole hyperfine and electric quad-
rupole hyperfine interactions were determined 146

3. Cl

Clyne and McDermid'47-14% observed rotationally
resolved excitation spectra of the B3Ho*u—XIZ§
transition of Cly, and found that the quantum yields
of the laser-induced fluorescence were unity for
excitations to v’ = 12 and about 3 x 1075 for
excitations to v’ = 13. The v’ = 13 levels of B3I,
were observed to undergo fast predissociation at the
crossing of the outer limb of the B%I1y+, state and the
111, repulsive state between v’ = 12 and 13. The
rotationally dependent portion of the predissociation
was found to be described by eq 44, but the rate
constant k&, was found to be much greater than those
of Bry and I,. Heaven and Clynel® calculated the
predissociation rate constants in order to investigate
the form of the repulsive potential of the !IT;, state,
and showed that the experimentally observed vibra-
tional dependence of the predissociation rate cannot
be accounted for by predissociation via the Ty, state.
They demonstrated that the A%IT;, state provides the
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dissociation channel. By studying the lifetimes for
B®IIy+,(J=0,0">13), the existence of a hyperfine pre-
dissociation via the A®[l;, state was proved.!%!

4. IBr

The discrete absorption from the X1=* ground state
to the B®IIy+ state was found to break off at a false
dissociation limit due to a crossing of the diabatic
potential curves of the bound B®IIy+ state which is
correlated with the atomic asymptote I(*Psq) +
Br(®Py) and the repulsive 0" state which is cor-
related with the atomic asymptote I(?P33) + Br(*Pss).
Another weak diffuse band was observed at higher
frequencies.1%15% This band was assigned as the
transition to the adiabatic state By+ whose inner limb
was the one of the 0" diabatic potential and the outer
limb was the attractive part of the B®IIy+ diabatic
potential. The P and R branches extending over
narrow ranges of J were sharp and intense, but the
lines on both sides of the band system were diffuse.
Donovan and Husain!® found that photodissociation
from the B3I1+ state continuum leads predominantly
to excited Br(°Pi,) atoms. This shows that the
photodissociation is largely a diabatic process gov-
erned by the diabatic potential curve of the B3Iy
state. Child®? successfully explained the observed
results by applying the semiclassical theory for the
case of intermediate coupling strength (see section
I1.D), and showed that both diabatic and adiabatic
characteristics must be taken into account. The line
widths of rotational lines of the By+—X!Z* transition
were measured by using a laser excitation spectros-
copy, and the change of the line width with J was
attributed to predissociation.!®® The results were in
excellent agreement with the theoretical results given
by Child.2? Using Doppler-free laser polarization
spectroscopy, the hyperfine structure of the sharpest
lines of several bands was measured, and the mag-
nitude of the hyperfine parameters and their varia-
tion with v’ were studied.1%6

5. 1CI

Brown and Gibson!%? found a faint set of irregular
bands on the short wavelength side of the v’ = 4 —
v” =1and v’ =4 — v” = 0 bands of the B*II;-—X!Z*
system. The rotational lines in narrow ranges of J
were sharp and intense, but other lines became
diffuse. Brown and Gibson gave an explanation of
why transitions to only a few rotational levels were
observed: Above the point of intersection of the
potential curves of the B3[1,- state and the repulsive
0" state, certain “virtual” rotational levels of the
diabatic (crossing) potential of the B%IIy+ state coin-
cide with the rotational levels of the adiabatic (non-
crossing) bound potential of the 0" state with the
same J. However, more accurate interpretation was
given by applying Child’s theory?? in the case of
intermediate coupling strength.1%® The curve cross-
ing and the repulsive part of the B®IIy+ potential
curve were studied by photofragment spectroscopy.!5°
Orson and Innes!®® determined the lifetimes of single
rotational levels of the B3[Iy+(v’ = 8, J’) from mea-
surements of line widths. A striking increase in line
widths occurred for J° > 37 due to homogeneous
predissociation, and the crossing of a repulsive curve
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of the 0% state at the outer limb of the potential curve
of the B®IIy+ state was suggested. Fluorescence
lifetimes of the B3IIy+(v” = 1, 2, and 3, J’) levels were
measured by selective excitation, and the homoge-
neous predissociation that occurred for v’ = 3 was
not observed for v’ = 2.16L162 The hyperfine structure
of the B¥[Ip+(v” = 3, J') levels was studied by measur-
ing the excitation spectra using a molecular beam.163
The relative intensities of the hyperfine components
revealed a hyperfine predissociation of these levels,
and the corresponding hyperfine predissociation pa-
rameter a, was determined.

6. IF

The excitation spectra of IF was measured, and the
onset of predissociation was observed at v’ = 10, J’
= 12 of the B3I+ state.16¢ The predissociation of the
B3IIo+(v’=10,J") state was estimated as due to the
interaction of the B state with a repulsive YO state.
A shortening of lifetimes was observed for v’ = 8, J’
> 52 and v' = 9, J' > 7.165 The predissociations of
the B%IIy+(v'=8,J") and B3IIy+(v'=9,J") levels were es-
timated as due to the interaction of the B state with
a weakly-bound C®IIy+ state, which crossed the
repulsive potential of the 0" state at a large inter-
nuclear distance.

D. Alkali Halides

The ground state X1=* of alkali halides is an ionic
state which decomposes into Mt + X~ atoms. The
excited states of low energy are covalent states and
decompose into M(2S12) + X(?P3») and M(2Sy,) +
X(?Py2). The potential curves of the ionic ground
state and the covalent excited states are known to
cross (see Figure 7). Berryl® discussed the coupling
of these states and the resulting predissociation.
Davidovits and Brodhead!®” reported the absorption
spectra of alkali halides in the vapor phase in the
region of 200—400 nm. By applying the photofrag-
mentation spectroscopy method,'%® the ratio of the
A0t — XO0* parallel transition to the Al — X0*
perpendicular transition was measured for KI and
Nal in the 300—337 nm region and for KBr and NaBr
in the 265—310 nm region, and the potential curves
were constructed.16®

1. Nal

In the absorption spectrum of Nal, Berg and
Skewes!’® observed a discrete band structure with
spacings of about 36 cm™! and a broad pattern of
weakly alternating dark and bright intensities in the
region from 294.5 to 540 nm. Schaefer, Bender, and
Tiemann!"172 measured a high-resolution excitation
spectrum in the range of 26900—33175 cm™! by
detecting molecular fluorescence. Fragmentary ro-
tational structures, which have a strong central line
and symmetrically decreasing intensities of the neigh-
boring lines, were observed in the vibrational bands
and were explained by predissociation originating
from the interaction between the ionic ground state
X0* and the covalent state A0*. Such fragmentary
structure occurs in predissociation which can be
interpreted as the case of an intermediate coupling
strength (see section II.D). By adopting the semi-
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classical model of Child?? for the predissociation, the
molecular parameters of the diabatic state X0* and
the adiabatic state AO*, the RKR potential curves,
and the interaction matrix element were determined.
The emission spectrum from a molecular beam of Nal
was measured following excitation by the 248 nm line
of a KrF excimer laser.1”® Excitation spectra of Nal
excited by a frequency doubled pulsed dye laser were
recorded in the range of 239—256 nm, and the
molecular constants and the RKR potential curve of
the CO* state of the atomic asymptote Na(3p?P) +
I(5p2P3/;) were determined. 17

Femtosecond real-time observation of wave packet
oscillations in the predissociation of Nal has been
extensively studied.?%175-178 The scheme of the fem-
tosecond transition state spectroscopy (FTS) is shown
in Figure 7. Because of the crossing between the
ionic ground state and the covalent excited state,
there are two limiting possibilities for the behavior
of the excited state. Either the wave packet produced
by a pump laser is trapped on the adiabatic surface
without crossing or it crosses on the diabatic surface
and dissociates. The actual behavior can be expected
to fall between these diabatic and adiabatic extremes.

If the probe wavelength A, is varied, the dynamics
of the dissociative process at different positions along
the reaction coordinate can be studied. 590 nm light
is resonant with the Na D-line transition. The
transition Na(3p?P) — Na(3s%S)») occurs at very large
internuclear distances R. The signal of the product
Na(3p?P) atoms showed an initial sharp rise with a
series of stair-step plateaus (see Figure 20c). The
probe light was used to detect the leakage of the wave
packet; each time it passes through the interaction
region, the time dependence of the Na atom popula-
tion was effectively integrated. At A, =575 and 615
nm (Figure 20, parts a and d), the probe light is off-
resonance and the oscillation of the signal is a
manifestation of the propagation of the wave packet
(initially generated by the pump) as it traverses back
and forth across the well. At A, = 580 nm (Figure
20b), the probe light is off-resonance, but not far
enough to entirely eliminate the on-resonance con-
tribution. The periods of the oscillation were the
same for a fixed pump wavelength. Thus, the on- and
off-resonance data are complementary measurements
of the dynamics of the system.

When the pump wavelength A,, was varied, differ-
ent wave packets were produced. Ifthe trapping well
is harmonic, the period of oscillation will be the same
for all pump wavelengths. If the well is anharmonic,
the period is expected to change. An example of this
effect is shown in Figure 21. The FTS probed at off-
resonance are shown for A,, = 300, 311, 321, and 339
nm. The period becomes shorter as the wavelength
of the pump laser is tuned to longer wavelengths. The
damping time changes as well, and becomes slower
for longer wavelengths. From the period of the
oscillation 7,, the vibrational frequency is calcu-
lated: v = 1/7,, The damping time 74 gives the cross
section for a transition from the adiabatic (bound)
potential curve to the diabatic (dissociative) potential
curve. The ratio 1,/74 gives the average probability
of the crossing per oscillation. Many theoretical
studies!7®718% have been reported on these phenom-
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Figure 20. Experimental results of the femtosecond
transition-state spectroscopy of Nal as a function of probe
wavelength: (a) 575 nm; (b) 580 nm; (¢) 590 nm; and (d)
615 nm. The probe beam was passed through an ap-
proximate 10 nm bandwidth filter and the pulse duration
was approximately 250 fs. The pump beam of a pulse
duration of about 50 fs and a bandwidth of 3 nm was fixed
at 307 nm. The 590 nm signal (c), which probes Na(3p?Psp)
~— Na(3s2S,5) transition, shows a production of Na(3s2S,,)
atom with an initial sharp rise and a series of stair-step
plateaus. (Reprinted from ref 176. Copyright 1989 Ameri-
can Institute of Physics.)

ena. The data obtained by the FTS method and the
data obtained by high-resolution spectroscopy comple-
ment each other.

2. Other Alkali Halides

Schaefer, Bender, and Tiemann!®* observed the
high-resolution excitation spectrum of the A0t — X0*
transition of Lil. The analysis was performed along
the lines of the semiclassical model of predissociation
originating from the coupling of ionic and covalent
states. The molecular constants and potential curves
are given for the limiting diabatic state X0* and for
the adiabatic state A0™ and the coupling matrix
element is in good agreement with the model of
charge-transfer reactions by Grice and Herschbach.1
FTS results have been reported for NaBr and Lil.176
The FTS signals of NaBr were similar to those of Nal
except that the rise time was shorter and no apparent
oscillation was measured. The damping time was
very short and only a faint recurrence was observed.
The Landau—Zener parameter of NaBr was found to
be at least 1 order of magnitude larger than that of
Nal. Thus, NaBr should behave diabatically.

E. Oz Sz, Se;
1. 0,

In the Schumann—Runge bands (B?’Z;—X?’Z‘; ) of
Og, diffuse lines occur, suggestive of predissociation
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Figure 21. Experimental results of femtosecond transi-
tion-state spectroscopy of Nal as a function of pump
wavelength: (a) 300 nm; (b) 311 nm; (c) 321 nm,; and (d)
339 nm. The wavelength of probe beam was chosen at off-
resonance. (Reprinted from ref 176. Copyright 1989
American Institute of Physics.) i
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Figure 22, Potential energy curves of O; relevant to

predissociation of the B®Z state. (Reprinted from ref
199. Copyright 1992 American Institute of Physics.)

in the B%S; state.l® Murrell and Taylor'®” studied
the relation between the potential energy curves and
the v dependence of the predissociation rates, and
suggested that a repulsive state crosses the B®Z,
state at the outer turning point of v’ = 4. The
rotational dependence due to the centrifugal term
was also shown to change with v’.1%® However, the
ab initio calculation of Schaefer and Miller!®® sug-
gested that the B®Z state correlating with O(P) +
O('D) crosses four close-lying repulsive states, 1y,
5T1,, °Z7, and °I1, which correlate with OGP) + O(3P)
(see Figure 22). The I, 5TI,, and % states can
couple with the B3Z; state by spin—orbit coupling,
and the I, state can couple with the B3Z; state
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mainly by L-uncoupling interaction. Julienne and
Krauss!?® studied theoretically the v” dependence of
the observed lifetimes and level shifts and concluded
that the predissociation was caused primarily by the
interaction with the °I1, state. Julienne!®! suggested
that the ®T state contributed appreciably to the
predissociation at v = 6. In a later study, the
analysis of laser-induced fluorescence of O; where the
fine-structure levels were partially resolvedl? showed
that the L-uncoupling interaction with the %1, state
was significant at high J” for v" = 10 and 11.

The lifetimes of the vibrational and rotational
levels were determined by the analysis of high-
resolution absorption spectra for the 180,, 160180, and
180, isotopes.193-1% The level shifts due to the
interaction with each repulsive state was also
analyzed.16-1% Chiu, Cheung, Finch, Jamieson,
Yoshino, Dalgarno, and Parkinson!® obtained the
best-fit potential energy curves and the interaction
strengths to reproduce the experimental v’ depen-
dence of the predissociation rates. The spin—orbit
interaction with the 5TI, state was shown to be the
main channel causing the predissociation of the
B3Z; state, but the other three repulsive states were
also shown to contribute.

The translational energy release distribution of two
O %Py, and %Py, (J1, J2 = 0, 1, 2) atoms, which is
produced from the predissociation of O; B*Z (v' =
7), was measured by Leahy, Cyr, Osborn, and Neu-
mark.2°%2 The observed (Jy, J2) distribution is not
completely consistent with dissociation along the
adiabatic Hund’s case ¢ potential curves and is also
inconsistent with completely statistical distribution.
They suggested that the strength of the coupling of
the °I1, and 11, states was underestimated in ref 199.

Cosby, Park, Copeland, and Slanger?® observed
the transitions from the vibrationally excited Oo-
(X3Z;) molecules produced by photodissociation of
O3, and measured the line widths of transitions to
the rotational and fine-structure levels of the
B’X (v’ = 0 and 2) state. The line widths of the F,-
(N'=J") and Fs(IN'=J'+1) levels were found to be
remarkably larger than the line width of the F;-
(N'=J’—1) level and to increase as the rotational
quantum number N’ increased. Forlow v’ levels, the
L-uncoupling interaction with the 3II, state was
shown to be crucial for this fine-structure depen-
dence. The potential energy curve of the °II, state
obtained by ab initio calculations® was found to give
better fits to the line widths of the rotational and fine-
structure levels in v’ = 0 and 2.

Predissociation in the gerade state of Op was
observed by van der Zande, Koot, Los, and Peter-
son?? and van der Zande, Koot, and Los.2°% They
measured the distribution of kinetic energy released
to the fragments from the O; molecules in the 13I1,
Rydberg states using translational spectroscopy.
From the observed v’ and N’ dependence of the
dissociation rate, the predissociations of the d'IT, and
C®I1, states were both shown to be induced by the
interaction with the valence 1°I], states. Friedman,
Du, and Dalgarno®** explained these experimental
results using the Landau—Zener model. Strong
predissociations of the 3ds, 1A, 3A,,%%° nso, and ndi
states (n = 3—5), where nli denotes a Rydberg state
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by the main single electronic configuration, were
observed using multiphoton ionization.?%¢

2.5

In 1924, Henri and Teves?’’” measured the UV
absorption spectrum of S; and found that several
sharp bands disappeared abruptly and were replaced
by broad bands suggestive of predissociation. The
emission spectrum was observed using a high-voltage
discharge,?® and a break off of the intensity was
found. Lochte-Holtgreven?®® measured the emission
spectrum of Sy and pointed out that strong predis-
sociation occurred at v" = 11 and 18. Herzberg and
Mundie?!? discovered the predissociation onset at v’
= 10, and suggested that the predissociation was case
¢ from the v’ dependence of the line widths. The

upper state was identified as the B®Z] state, which
corresponds to the upper state of the Schumann—
Runge bands of O;. Ricks and Barrow?!! observed
the high-resolution absorption spectrum of the
B®s—X3%; transition. They found that the rota-
tional quantum number at the threshold for predis-
sociation decreased as v’ increased. Therefore, the
predissociation was identified as case b*. This

B’ state was found to be strongly perturbed by a
nearby B”°I1, state, which induced level shifts and
lifetime variation.?? The potential curve of the

B’’3T1, state was estimated to cross the B3Z; state at
the inner limb. Therefore, if the B” state is respon-
sible for the predissociation, it would be case b~. It
was also suggested that the predissociating state was

another electronic state which crossed the B’Z;
state at the outer limb. From the analysis of the
dissociation energy and from theoretical calculations,
the predissociation in the B3Z; state is thought to
be caused by the interaction with a 1, state correlat-
ing with SCPy) + S(°Py).2!!1 Quick and Weston?!3
observed weak emission from the predissociating v’
= 10 level by the laser-induced fluorescence method
and the lifetime was found to be shorter than 3 ns.
There has been no quantitative study on the predis-
sociation rate. More extensive studies are necessary

to understand the predissociation in the B®S state
of Sz.

Narasimham and Gopal?* observed the emission
spectrum of the f!A,—a'A, transition, and, from the
decrease of the emission intensity, the predissociation
was estimated to occur at v’ = 10 and 11 in the f'A,
state. Carleer and Colin?!® observed the high-resolu-
tion absorption spectrum and reported that the
broadening in the predissociating level was small and
did not increase with J’. Therefore, the predissocia-
tion was identified as the case ¢* and the potential
energy curve was expected to cross the outer limb of
the f'A, state. From symmetry considerations, the
perturbating state was estimated to be a repulsive
3A, state correlated with S(1D) + S(3P).

3 392

Diffuseness in the absorption spectrum of Se; has
been observed in the region of 27000—31000 cm 1216217
Barrow, Chandler, and Meyer?!® studied the vibra-
tional and rotational structure of °Se; and analyzed
the v” and J” dependence of the predissociation. The
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rotational levels are approximately expressed by
Hund’s case c. Strong predissociation was observed
for v’ = 13, 14, and 15, and v’ = 4, 5, and 6 in the
BO state. All of the predissociation was shown to
be the case b*. In the B1, state, the predissociation
was found at J’ ~ 72 in v’ = 5. This predissociation
was suggested to be the case ¢*.

F. NO, CO

Predissociation of NO and CO in the Rydberg
states via the interaction with a valence state were
observed, and the Rydberg—valence interaction has
been extensively studied.

1. NO

The dissociation limit of NO — N(*S) + O(°P) is
equal in energy to the v’ = 0 level of the C2II state,
a short-lived Rydberg state. This C2II(v" = 0) level
is strongly perturbed by the v’ = 7 level of the valence
B2I1 state.?1%220 Callear and Pilling??! found that the
C?I1 state predissociated strongly via an interaction
with the a*Il state. The lifetime of each rotational
level was measured by Rottke and Zacharias?®? using
the two-color resonantly enhanced multiphoton ion-
ization technique. It was shown that the predisso-
ciation onset was at J’ = 2.5 (4I132) and J” = 3.5 (?T1y,2)
in the C2TI(v'=0) state, and at J’ = 4.5 (*I3) and J°
= 7.5 (3I1y2) in the B2II(v'=7) state. The rate was
determined to be 1.5 x 10° s7! at J = 9.5. Tsukiya-
ma, Munakata, Tsukakoshi, and Kasuya??? confirmed
this result by measuring the fluorescence lifetimes
in a supersonic jet. The radiative decay rate at J' =
3.5 was reported to be 1.06 x 10® 571, de Vivie-Riedle,
van Hemert, and Peyerimhoff?2* calculated theoreti-
cally the predissociation rate and suggested that the
predissociation in the C2II(v'=0) state was caused
solely by the spin—orbit interaction with the a*ll
state. The lifetime of the v’ = 1 level was calculated
to be 0.27 ns, which was consistent with the observa-
tion by d’Azy, Lopez-Delgado, and Tramer .22

The lifetime of the D?Z*(v'=0) state, which lies very
close to the C?TI state is about 20 ns, and the
predissociation via the A*II state is negligible.222223
However, predissociation occurs in the D2Z*(v'=1 and
2) levels.?26

Strong predissociation has been found in several
Rydberg states of NO. Using the two-color multipho-
ton optical—optical double-resonance technique, Ash-
fold, Dixon, Prince, Tutcher, and Western2?’” mea-
sured the line shapes of the transitions to the
E2Zt(c?7*4s0') Rydberg state, and found that only the
transition lines to N° = 8-12 were remarkably
broadened and asymmetric. It is believed that this
effect is caused by predissociation originating from
the interaction with the I2X*(v’=4) state, which
strongly predissociated via the repulsive A2X" state.
Both of the E2Z* — X2IT and I2Z* — X?I1 transitions
are allowed transitions, so that absorption lines can
show asymmetric profiles by the interference of
transition amplitudes (Fano profile). Miller, Li,
Wang, Chupka, and Colson??® found that the lifetime
of the (4pm)K?II(v'=2) state was very short, and
concluded that this arose from the predissociation via
the (4po)M2Z" state and/or the a*ll state. The N(2P)
atoms produced by predissociation in the 5so, 4dn~,
and 5dn~ Rydberg states were found by Gadd,
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Jusinski, and Slanger?® using the two-photon dis-
sociation and multiphoton—ionization techniques.
Fujii and Morita?% also detected N(4S) and N(2D)
atoms to study the predissociation in the superexcited
7f Rydberg state of NO. They found that only odd
level generated the N(4S) atom (/° is the projection
of the orbital angular momentum onto an axis of the
core rotation) via the A’2X* state, and concluded that
N(?D) atoms were produced by predissociation that
was caused mainly through the interaction with the
I2Z* state. The decay.of the superexcited np Rydberg
states was also identified to be predominantly gov-
erned by predissociation, not by autoionization.?3!

2.CO

The B!Z* state is a 3so Rydberg state. Line
broadening caused by predissociation was found by
Coster and Brons,232 The B1Z*—X!Z* transition was
analyzed for the four isotopic species 12C16Q, 13C16Q,
12C18Q, and !3C18Q.23323¢ Eidelsberg, Roncin, Le
Floch, Launay, Letzelter, and Rostas?* found (i) a
weakening of emission from v’ = 0 and 1 above a
critical rotation number J, (J. = 37 for v’ = 0, and J,
= 17 for v" = 1) and another weakening at J’ ~ 60
for v' = 0, and J” ~ 40 for v’ = 1 in 2C!€Q, (ii) no
detectable emission bands originating from v’ = 2,
(iii) the broadening of absorption lines for v’ = 2. They
concluded that this experimental evidence was in-
dicative of predissociation that was caused by the
interaction with the repulsive part of the D'1Z* state.
This was theoretically predicted by Cooper and
Langhoff.2%5 The D1Z*—XIZ* transition was mea-
sured and analyzed by Wolk and Rich.?* Cooper and
Kirby?37 carried out theoretical calculations and
confirmed that the predissociation was mainly caused
by the interaction between the B! and D’1=* states.
By comparing the experimental results with theoreti-
cal calculations based on the close coupling method,
Tchang-Brillet, Julienne, Robbe, Letzelter, and Ros-
tas?®® concluded that the predissociation occurred
through the Rydberg-valence predissociative interac-
tion. The energy where the emission yield decreases
at v" = 0 and 1 corresponds to the dissociation limit
to C(®°P) + O(°P). The decrease in emission yield at
v’ = 2 was attributed to the predissociation through
the long-range potential barrier.

In the EMNI(v'=0) state of CO, Simmons and Til-
ford?® observed the effects of accidental predissocia-
tion. The R(80) lines of the EM[I-X!=* (0—0) band
were split by the perturbation in the absorption
spectrum, but were missing in emission. Klopotek
and Vidal?* reinvestigated this band using two-step
vacuum-ultraviolet visible excitation spectroscopy,
and suggested that the most probable perturbing
state was a 1Z*. Amiot, Roncin, and Verges?*! found
accidental predissociations for the £, J’ = 6 sublevel
in 2CO, and f, J’ = 19 and e, J’ = 41 sublevels in
14CO by using Fourier spectroscopy.

G. CH, NH, OH
1. CH

The absorption spectrum of CH was extensively
studied by Herzberg and Johns?4? and the predisso-
ciation was observed for several electronic states in
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Figure 23. The calculated adiabatic potential energy
curves of CH. (Reprinted from ref 243. Copyright 1987
American Institute of Physics.)

the UV region. van Dishoeck?? used ab initio SCFCI
methods to calculate the potential energy curves of
CH and studied theoretically the predissociation in
each electronic state. The calculated adiabatic po-
tential curves of CH are shown in Figure 23.

The lifetimes of the vibrational and rotational
levels in the A%A state were measured by Brzozowski,
Bunker, Elander, and Erman.2* The lifetime 7 was
534 + 5 ns for N’ = 6—23 in the v’ = 0 level, and
decreased sharply for N’ = 12 in v" = 1. These
observations were attributed to predissociation in-
duced by the coupling with the X2IT ground state. The
A%A and X711 states can couple through rotational
interactions.?*3 The lifetime of one of the A-doublet
components was remarkably short for N = 17—19
in v’ = 1 and this was attributed to the perturbation
by the nearby B?Z~ state.24¢

Shidei?*® observed the emission spectrum of the
B?2-—X?I1 transition, and found the diffuseness and
breaking-off of the intensity for N’ > 15 in v’ = 0,
and N’ 2 6 in v’ = 1. These facts were confirmed by
Herzberg and Johns.?42 Brzozowski, Bunker, Eland-
er, and Erman®* measured the lifetimes of the
vibrational and rotational levels and showed that the
predissociation was caused by tunneling through a
barrier (see Figure 23).

The C2Z*—XZI1 transition was observed between
300—320 nm.24¢ Because the fluorescence of CH is
five times weaker than that of CD, Herzberg and
Johns?4? pointed out that the C2Z+ state of CH was
predissociative, and suggested that the predissocia-
tion was caused by the interaction with the B2Z-,
a*S-, and X?I1 states. Brzozowski, Bunker, Elander,
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and Erman?* measured the lifetimes of the rotational
lines for v’ = 0 and 1. The lifetime of the v’ = 1 level
was observed to be almost constant (3—4 ns), but that
of the v" = 0 level was found to become longer as N’
increased (10—25 ns). Ubachs, Meyer, ter Meulen,
and Dymanus?’ measured the lifetime of each dou-
blet level Fy (J=N+1/3) and F, (J=N—1/,) separately.
The lifetime of the F; level was found to be indepen-
dent of N’, but that of the F2 level was found to
become remarkably longer as N” increased. Only the
spin—rotation interaction with a 2=~ state is expected
to cause this difference. Therefore, the predissocia-
tion of the C2Z* state is thought to be primarily
caused by spin—rotation interaction with the B2Z-
state. This was supported by theoretical calcula-
tions,?*? but the calculated values were not quanti-
tatively consistent with the observed lifetimes. Itis
suggested that the a*Z~ or “II states cause a pertur-
bation and affect the lifetimes of these states.

van Dishoeck?? also performed theoretical calcula-
tions for the D?II state, and showed that the three
2T1 states were strongly interacting. Wang, Li, and
€Chupka®*® confirmed this by using resonance-en-
hanced multiphoton ionization and found a sudden
onset of predissociation for N’ = 12 in v’ = 2.

2. NH

Predissociation in the A®II state of NH and ND was
investigated by measuring the decay rate of the
vibrational and rotational levels.?*25¢ Smith,
Brzozowski, and Erman?*® measured the lifetimes of
the rotational levels of v’ = 0 and 1 in the A%II state
by using a high-frequency deflection technique. The
lifetime was appreciably short for N’ = 27 in v’ = 0,
and N’ = 16 in v = 1. The predissociation was
estimated to be caused by the spin—orbit interaction
with the repulsive 12" state, and the A1 state was
estimated to cross at R = 2.57 ag where a; is the Bohr
radius. Goldfield and Kirby?! calculated the crossing
point to be at R = 2,912 a,. Patel-Misra, Parlant,
Sauder, Yarkony, and Dagdigian®? observed the
lifetime of each e or f fine-structure level for v’ = 2
for NH, and of v’ = 1—3 for ND in a pulsed supersonic
beam. They estimated the potential curves by modi-
fying the calculated ones so as to fit the observed
lifetimes. The resulting potential curve of the 15%-
state crossed the A3l state at R = 2.962apand E =
12612 em™!. The break-off point was much lower
than 12612 em™!. From this, it was estimated that
quantum mechanical tunneling was important in the
predissociation of the A®II state.

The lifetimes of the vibrational and rotational
levels in the c!IT state of NH were observed by Smith,
Brzozowski, and Erman.?*® No transition could be
found for N> 17inv =0,and N = 11 in v = 1.
This was attributed to predissociation caused by the
153~ state. Kenner, Rohrer, and Stuhl?>® observed
the lifetimes to be almost constant; 460 + 20 ns for
J ' =2-9inv =0and 67 £ TnsforJ’=1and 4 in
v’ = 1. They estimated that the v’ = 0 level was not
predissociative. The predissociation of the v’ = 0
level at low J” was suggested by Parlant, Dagdigian,
and Yarkony?* and was confirmed by more accurate
measurement and calculations of the lifetime.2’® The
predissociation rate increased with J’, but the radia-
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tive decay rate decreased by almost the same amount.
The invariance of the total decay rate was explained
by cancellation of these opposite J” dependences.

3. OH

The spectrum of OH A2Z*—X?[] emission in a flame
was observed by Gaydon and Wolfhard.?®¢ The
intensity was found to decrease abruptly at high J°
in v’ = 1 and was very weak in v’ = 2. The lifetimes
of the AZZ*(v',J’) levels were also subsequently
measured.?’-263  Sink, Bandrauk, and Lefebvre?t¢
performed a theoretical analysis using multichannel
scattering theory and showed that the predissociation
in low v’ levels of the A%Z* state was mainly at-
tributed to the coupling with the repulsive 4=~ state.
For low J’ levels in v" = 0 and 1, predissociation was
negligible and the radiative decay rate decreased
gradually with increasing N’. However, the lifetime
was shortened abruptly for N’ = 24 in v’ = 0 and NV’
> 15in v" = 1.25¢ This shortening was caused by the
potential curve crossing with the “Z~ state. In
contrast, predissociation was found for all rotational
levels of v’ = 2 with a lifetime of 150 ns at N’ = 0,
which decreased with increasing N”.26° For the v’ =
3 level, the lifetime was on the order of picoseconds
and decreased rapidly with N’.262.263 The lifetime of
the Fy (J'’=N'+;) level was found to be slightly
shorter than that of the Fy (J'=N"—1/,) level.263 The
lifetime of OD also decreased for several J” levels of
v’ = 0—2, and all the rotational levels of v’ = 3 were
observed to be strongly predissociative.?! Yarkony?%
has theoretically examined the perturbation induced
by spin—orbit coupling and the geometry dependence
of the coupling matrix elements. The calculated
predissociation rates are in good agreement with the
observed values for v’ = 0—3 of OH and OD.

H. MgCl

Bourguignon, Gargoura, Rostas, and Taieb?¢ stud-
ied the vibrational population of MgCl molecules
produced by the reaction

Mg(*S) + Cl, — MgC1(X?z") + C1(*P)

Spectral lines to upper level v’ = 7 were found to be
absent in the fluorescence excitation spectrum of the
A?TI(v")—X2Z*(v”) transition. Shafizadeh, Rostas,
Taieb, Bourguignon, and Prisant?®” measured the
fluorescence excitation spectra of MgCl formed in a
Broida oven by the reactions of Mg(1S) with chlorine-
containing molecules. From this work, molecular
constants of the X2=* and A?[I states were deter-
mined. The sudden cutoff of the vibrational structure
at v" = 7 was interpreted as arising from an avoid
crossing between the A?II bound state and (D)II
repulsive state, which results in the predissociation
of the A?TI state. In addition, they observed that the
fine structure splitting parameter Ago = E(A%TI3g) —
E(A%TI15) decreased anomalously as v’ increased.
Chemiluminescence from MgCI(A?IT) produced by the
reaction

Mg(*P) + Cl, — MgCI(A’II) + C1(*P)

was observed only for v’ < 5,268
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Parlant, Rostas, Taieb, and Yarkony?®® theoreti-
cally examined the electronic structure and the
predissociation of MgCl. The adiabatic electronic
wave functions of the A?IT and (D)?I1 states were
calculated by using the ab initio multiconfiguration
self-consistent field/first and second-order configu-
ration interaction methods, and from these wave
functions diabatic wave functions were derived using
a diabatization procedure. The A2[1 bound state [the
12114 diabatic state correlating with Mg*(2P) + C1-(1S)]
was shown to predissociate by crossing with the
repulsive (D)?IT state [22I1¢ diabatic state correlating
with Mg(1S) + Cl(*P)]. By taking into account the
spin—orbit and spin—other orbit interactions between
the 12114 and 22119 states, the coupled-state quantum
scattering calculations were able to reproduce the
observed v dependence of the fine structure splittings.
The predissociation lifetimes and energy shifts of the
ATy, and A?ITs, vibrational levels were calculated
on the basis of a coupled diabatic state representa-
tion. The predissociation rates for the AZ2lIy.(v’)
levels were calculated to be 3.6 times the radiative
rate for v’ = 6 and 700 times the radiative rate for v’
= 7. This is consistent with the observed cutoff of
the vibrational structure at v’ > 6,268

VI. Predissociation of Polyatomic Molecules

In polyatomic molecules, predissociation of the
electronically excited molecule can often occur by
vibronic interaction and rovibronic interaction in
addition to type I, type II, and type III predissocia-
tions classified by Herzberg for diatomic molecules.
In most cases, the predissociation mechanism is
discussed on the basis of the dependence of the
observed quantum yield on the rotational and vibra-
tional levels. The electronic spectrum is sufficiently
sparse in some triatomic molecules, so that single
rotational levels can be selectively excited.

A. HCO, HNO, H;0, HCN, SO
1. HCO

The rotational dependence of the predissociation
rate in the A?A” state of HCO was observed by Brown
and Ramsay?”® from the line-width analysis of the
absorption spectrum of the A2A”—X2A’ transition.
Degenerate states in the linear geometry are split
by a vibronic interactuion (Renner—Teller effect) to
bent X?A’ and A%A” states. Since HCO in the A%A”
state is nearly linear, the vibrational state is repre-
sented using a linear molecule expression (vl,vg,v?,)
where v;, ve, and vs are the vibrational quantum
numbers of CH stretching, bending, and CO stretch-
ing, respectively. In alinear molecule, the quantum
number K is given by K = |A + [| where A is the
projection of the electronic angular momentum to the
molecular axis and A = x1 for 2I1. [is the vibrational
angular momentum with |I| = vy, v; — 2, ..., 1, or O.
Therefore, the smallest value of K" is 0 for an odd
vy level and 1 for an even vj level. The 0,5 ,00—
(0,0,0) progression is prominent in the visible A—X
transition.

Vasudev and Zare?™ observed the high-resolution
spectrum by using a single-mode laser and an opto-
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Figure 24. Variation of the line width with the rotational
quantum number N’ for the (0,9°,0)—(0,0,0) band of HCO;
a is the observed line widths, and b is the sum of Coriolis
interaction given in ¢ and K-type resonance given in d.
(Reprinted from ref 271. Copyright 1982 American Insti-
tute of Physics.)

galvanic method. The rotational structure was ex-
pressed as a prolate symmetric top |[N,K). The
transition to K’ = 0 was diffuse, which is suggestive
of a fast predissociation. In contrast, sharp rotational
lines could be observed for the transition to K’ = 0,
and the line width of the A(0,9°,0)—X(0,0,0) band was
observed to be strongly dependent on N’ (see Figure
24). The primary process of the predissociation in
the A2A” state was assigned as

HCO(A%A”) — H(®S) + CO(’zh) (49)

For the K’ = 0 level, a weak predissociation was
observed.2’%?l The N’-dependent part in this K’ =
0 level was attributed to the mixing with the strongly
predissociative K’ = 0 level. Brown and Ramsay2™
considered a K-type resonance, which mixes the
2Z(K'=0) level with the A(K’=2) level. The line width
of the X level was expressed as

IOV + DP
Iy = |AD |————(Ez 7N T, (50)

where T, is the line width of the A level and AD’ =
Dy — Di,. Vasudev and Zare?’! measured the line
width of the (0,99,0) level, which can interact with a
A level (0,9%,0). In this case, AD’ was expressed as

4 2,2 \2
AD,=_4B{ Cas 22)><

1+
w22\ W3 T Wy

Wy + 1) + [(wy — Dlv, + 3)1*2 s
32(E; — E,) (

where B is the rotational constant, {23 is a Coriolis
coupling constant, and w; is the vibrational frequency
of the ith normal mode. The calculated width for the
(0,99,0) level is shown in Figure 24d. This contribu-
tion has a quartic dependence on N’. They also
demonstrated that the mixing with a ITI(K’=1) level
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was not negligible. It is caused by the b,c-axis
Coriolis coupling which connects Avy = +1 and Av,
= =41 levels. The (0,81,1) level couples with the
(0,9%,0) level and the line width is given by

Iy =
FH

(Es — Ep)*

(52)

This contribution is shown in Figure 24c¢ with a
quadratic dependence on N’. Thus, the N’-dependent
part of the observed width in the K’ = 0 level was
ascribed to these two effects. The residual N'-
independent part was considered to be due to spin—
orbit coupling with other high-lying levels of the X2A’
state.

Concerning the strong predissociation in the K’ =
0 level, Dixon?”? studied the time-dependent wave-
packet evolution and performed a model calculation
for the predissociation through radiationless transi-
tions between the Renner—Teller components X2?A’
and A?A”. The crossing probability was calculated
assuming a V(s) = 1/5f's?> harmonic potential for the
upper A” surface and a negative force constant f for
the lower A’ state along the bending coordinate s. An
empirical equation for the full width at half maxi-
mum was obtained as

Az = ‘(%) In[1 ~ %,{1 — exp(—1.83K*fIn**)}]
(53)

where v’ is the bending vibrational frequency, f =
(f — F)If, and n = (Y(O)|H|yw(0))hw is equal to v +
1 for a stationary state of an unperturbed harmonic
oscillator. This equation shows that the predisso-
ciation rate increases drastically with K’, and de-
creases slightly with v5.

For HCO and DCO cooled in a supersonic jet,
Kable, Loison, Houston, and Burak*?’® measured the
PHOFEX spectrum, in which the wavelength of the
first photolysis laser was scanned by monitoring the
fluorescence intensity of the CO fragment excited by
a second laser. The predissociation rate was deter-
mined from the rotational line width. Figure 25
shows the PHOFEX spectrum of HCO monitoring the
transition intensity from the CO(v”=0,J"=30) level.
According to eq 53, predissociation should be slow
and the rotational lines sharp for odd v; levels,
whereas the predissociation should be fast and the
spectrum diffuse for even v; levels. The observed
PHOFEX spectra clearly show this alternation.*! The
N’ dependence was weak and the averaged (Coriolis
mediated) line widths versus vj for each K’ (see
Figure 26) reproduce the calculated widths of eq 53
with a fitting parameter f = 5.0.

The vibrational—rotational distribution of the na-
scent CO was determined from the intensity of the
fluorescence excitation spectrum of the A—X transi-
tion, and was found to depend on v}, of the parent
HCO molecule.! The CO(v”=0) yield was 83% for
A?A”(0,v5,0). The rotational quantum number J, at
the peak of the fluorescence yield increased with
vy Jp = 14 for (0,6,0) and J, = 35 for (0,16,0). The
(1,03,0) level with CH stretching excitation was
observed to give a similar CO distribution with an
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Figure 25. PHOFEX spectrum of jet-cooled HCO monitor-
ing CO(v"=0,"=30). Assignments shown correspond to
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80% yield of CO(v”=0), although J, increased re-
markably. In contrast, the (0,12,1) level with CO
stretching excitation yielded more than 67% of CO-
(v”=1), but nearly the same rotational distribution
as for the (0,12,0) level was observed. Ab initio
classical trajectory calculations could explain these
results qualitatively.?’* However, Renner—Teller
vibronic coupling calculations using a Hamiltonian
model with a parity-adapted wave packet represen-
tation gave a hotter and narrower CO rotational
distribution than the experimental result. This dis-
crepancy was attributed to inadequacy of the calcu-
lated XA’ potential energy surface.?’> Manaa and
Yarkony?76277 performed ab initio calculations of the
potential surface by using a MCSCF/CI method, and
predissociation of the B?A’ state of HCO was sug-
gested.



Dynamics of Excited Molecules: Predissociation

2. HNO

For the HNO AlA”—X!A’ transition, line broaden-
ing was found in the absorption spectrum together
with a sharp decrease in fluorescence yield.27827
Bancroft, Hollas, and Ramsay?’® reported that the
rotational line width of the (1,0,1)—(0,0,0) band
increased with increasing K. In order to explain
these experimental results, Dixon, Jones, Noble, and
Carter?® constructed the potential energy surfaces
of the relevant A'A”, a3A”, and X'A’ states using
spectroscopic data, thermochemical data, and quan-
tum chemical calculations. The AA” and XA’ states
correlate with the components of a !A or a IT state
of linear HNO. They showed that these two states
interacted by a-axis electron—rotation Coriolis cou-
pling and that a radiationless transition was the
main process of predissociation in the AlA” state

HNO(A'A”) — HNO(X®A") — H(*S) + NO(*1I)
(54)

Thus, predissociation is rotationally assisted by
internal conversion to the ground-state continuum.
The matrix element of the a-axis Coriolis interaction
is proportional to K’, which is consistent with the
observed line widths. They also observed the fluo-
rescence excitation spectrum and studied the J’, K’
dependence of the predissociation threshold energy.
The energy of the fluorescence cutoff was found to
increase with J(J° + 1). The drastic drop of the
fluorescence intensity indicated that the dissociation
to H(2S) + NO(II) occurred above the threshold
energy. In diatomic molecules, the threshold energy
should increase as J increases. Assuming that poly-
atomic molecules follow a similar case, they calcu-
lated the J dependence of the breaking-off point using
a constructed potential surface of the XA’ state. The
calculated results were in good agreement with the
experimental work.

Similar studies were performed for DNO281:282 gnd
supported the above predissociation mechanism.
However, the energy shifts were difficult to predict,
and the contribution of intersystem crossing through
the spin—orbit coupling with the a®A” state is ex-
pected to be more significant in DNO.

3. H,0

Predissociation of HxO in the CIB; state is sug-
gested to occur through three different channels 283,284

H,0(C'B,)) — OH(X’ID + H(S)) 03]
- OH@AXM) +HAS) (D
—0('D,) + Hy('T)) (IIh

From the photofragment fluorescence excitation spec-
trum in which the OH(A2Z*—X?II) fluorescence in-
tensity was monitored, Hodgson, Simons, Ashfold,
Bayley, and Dixon?%%2% found that the predissociation
channel IT in the C1B;(0,0,0) level was state selective.
The total predissociation rate for a single rotational
level, which was determined by the observed line
width, was strongly K, dependent. The predisso-
ciation processes that were considered are as fol-
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lows?286

H,0(C'B,) — H,0(B'A,) (heterogeneous) (55)

— H,0('B,-dark channel)
(homogeneous) (56)

H,0(B'A,) — OH(A’E") + H(S)  (9) (57)

—OHXID + HCS) (1 —¢) (58)
The potential energy curves of H;O as a function
of bending angle are schematically shown in Figure
27. It has been found that the rate of the heteroge-
neous predissociation is proportional to 0.35K’%/(1 +
0.35K.?) for H»0, and 0.22K’%/(1 + 0.22K’?) for D,0.
This rate is affected by the C1B;—B!A; radiationless
transition. These C!B; and BlA; states can couple
by the a-axis electron—rotation Coriolis interaction.
The probability of this coupling is expressed as®’

I“C—-B e I<A1;U’JK:IIHCoriolisIBl;vJKa>|2P(E) (59)

o A%A, V' |BvY’ K 20K, K,)p(E) (60)

where p(E) is the level density of the B!A, state at
an energy E, and A is a constant. Equation 60
indicates that the rate of heterogeneous predissocia-
tion is proportional to K2, Since K, is not a good
quantum number for an asymmetric top molecule,
the predissociation rate can be modified as
cK.2/(1 + cK.?), which is in good agreement with the
observed result. However, the OH(A2Z") yield de-
termined by the total fluorescence intensity of the
OH A—X transition was very low for K > 2 levels,
and it was maximum for K, = 2 in D;O. This
decrease for high K| level was ascribed to the
branching in the dissociation process of the H,O BlA;
state.

The BA; state is one of the Renner—Teller com-
ponents correlated with the linear HyO(lII) state.
This state strongly couples with another A!B; com-
ponent, which is correlated with OH(X2IT) + H(2S)
and produces ground state OH. As shown in eq 58,
the crossing probability (1 — ¢) increases as K
increases. Consequently, the quantity ¢ in eq 57
which gives the probability of OH(A2Z") production
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rapidly decreases with increasing K. As a result of
the heterogeneous perturbation between the C1B,;
and B!A,; states and the transition to the AlB, state,
the branching ratio for OH(A2X") will have a maxi-
mum at a certain value of K. Thus, the K-
selective predissociation of HoO(C!B,) is explained by
both Coriolis and Renner—Teller couplings.

The nascent distribution of the OH(A?Z*) state was
determined from the intensity of the dispersed fluo-
rescence spectrum of the A—X transition.?®® The
rotational distribution of OH(N” = 10—20) was found
to be almost the same as that of the direct excitation
to the BIA; continuum of H20, and no considerable
Jk k- dependence was observed by monitoring the

OH fragments.

Multiphoton ionization (MPI) has been shown to
be useful for studying predissociation quantita-
tively 287,288 Kuge and Kleinermanns?® applied the
MPI technique to study molecules in a molecular
beam in order to measure line widths. Although the
K dependence was almost identical with the above-
mentioned work, the J’-dependent weak c-axis Co-
riolis interaction and the Kj-independent homoge-
neous predissociation were also observed.

4. HCN

The diffuseness in the VUV region of the absorp-
tion spectrum of HCN and DCN is attributed to fast
predissociation.?®® By analyzing the line width, the
predissociation rate was found to depend strongly on
K, in the A'A” state. Hsu, Smith, and Wallace?!
measured the line widths of rotationally resolved
transitions to the AA”(0,v5,0) state by the tech-
nique of four-wave difference—frequency mixing. The
predissociation rate was found to be almost indepen-
dent of J” and to increase with K. This strong K,
dependence was explained by the a-axis Coriolis
interaction with the X!A’ state. The lifetime of the
zero-point level was extremely short, and an excita-
tion of the bending quanta suppressed the predisso-
ciation strongly. Further, the AIA”—X!A’ fluores-
cence intensity decreased drastically when the
vibrational energy became greater than 2200 cm™1.
On the basis of theoretical calculations,?®? the main
process of predissociation below the threshold energy
is estimated to be

HCN(A'A”) — H + CN(X%h) (61)

A new process
HCN(A'A”) — H + CN(AIT) (62)

is believed to occur above the threshold where the
fluorescence intenstiy becomes weak.

In contrast, the K, dependence of the line width of
DCN was found to be small above the energy thres-
hold.?®® This is thought to be due to the contribution
of J’.K -independent homogeneous predissociation
by vibronic coupling with the higher 21A” state.

Predissociation in the C!A’ state of HCN was
extensively studied by detecting the fluorescence
from the product CN(B2Z*). The vibrational and
rotational distributions of CN(B2Z*) were found to
depend on the wavelength of the exciting light.294-296
MacPherson and Simons®7 observed the fluorescence
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excitation spectrum, and determined the relative
quantum yield for CN(B2Z*) production from single
vibronic levels in the C1A’ state. The predissociation
quantum yield in the (0,v5,0) levels (v; is the vibra-
tional quantum number of the bending mode) were
almost identical for both HCN and DCN. However,
a very large isotope effect was found for molecules
vibrationally excited via the C—H stretching mode
(v > 0). The (1,v5,0) progression was missing in the
HCO spectrum, and it suggests of a fast predissocia-
tion. The quantum yields in the (0,05,0) and
(1,v5,0) levels of DCN showed a similar dependence.
This isotope effect was explained by quantum me-
chanical tunneling and the observed predissociation
rates were well reproduced by the calculated Franck—
Condon factors. Predissociation accelerated by ex-
citation of the bending mode was also suggested to
compete with the tunneling mechanism.

5. 8O,

Kanamori, Butler, Kawaguchi, Yamada, and Hi-
rota®® excited the CB; state of SO, at 193 nm and
measured the spin, rotational, and vibrational dis-
tributions of the product SO. Although several
rotational and vibrational levels were excited simul-
taneously, the predissociation was thought to occur
through the repulsive 3A; state correlated with
SO(X32-) + O(CP). Ebata, Nakazawa, and Ito2%
excited SO, in a supersonic jet with narrow band
laser light (AE ~ 0.2 ecm™!) and observed the fluo-
rescence excitation spectrum, in which the rotational
levels were partly resolved. From the observed
lifetimes and the comparison of intensities of fluo-
rescence excitation and absorption spectra, the pre-
dissociation rate was found to depend on both /' and
v’. A sharp decrease in fluorescence intensity was
found at 45 400 cm™! and was attributed to the onset
of the predissociation channel. For the C1By(3,0,0)
state just below the threshold, the predissociation
rate was large for the high J’ levels. Spin—orbit
coupling between the C!B; and the %A, states was
estimated to induce the predissociation. A very slow
predissociation was observed for the Q transition to
the J’ = K level. This fact strongly supports the
spin—orbit mechanism. The matrix elements for the
singlet—triplet interaction were derived by Stevens
and Brand:3%®

AN = +1
J+K+2J£K+1)
4(J + 1)(2J + 1)

|<evrs|Hso|evrT>|2 (63)

AN=0

JFROJLK+1) ., N

( 4K)J(J+ 1) (T Hgol “Tp)I* (64)
AN = -1

JFE- DI FEK), N

: 4J(2J + 1) |(“TslHgo“Tp)l* (65)

where N =J — S. Ebata, Nakazawa, and Ito®® also
found that the v; antisymmetric stretching mode
enhanced the predissociation. This mode selectively
was first suggested by Vasudev and McClain.3%!
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Figure 28. One-photon ionization excitation spectrum of
the A3[I;—X3Z~ (9-0) band of SO after excitation of the
C—~X(142)—(000) band of SO; (a) at 219 nm, (b) via the 835—
735, and (¢) via the 695—554 transition. (Reprinted from ref
302. Copyright 1993 Elsevier.)

Becker, Braatz, Lindner, and Tiemann3? studied
the predissociation of the C1By(1,4,2) state via the
reaction

SOQ(Cle;U’l7vé7vé7J}{a’Kc’) -
SOX®s™ v”=0,J”,N") + O(’P) (66)

The first photolysis laser with a line width of 0.06
cm™! excited a single rotational line, and the distri-
bution of SOX3Z~,v”=0,J”,N") levels was determined
from the intensity of the one-photon ionization of SO
by the second probe laser. The 1 + 1 MPI excitation
spectra with the excitation (a) at 219 nm, (b) via the
835—735, and (c¢) via the 695—524 transitions of the
C(1,4,2)—-X(0,0,0) band are shown in Figure 28. The
excitation to the 835 level produced SO in the N” =
0—3 state, but only the N = 0 state was produced
when the 655 level was excited. No predissociation
was observed from the C!By(J’<5) levels. When the
C1By(1,4,2) state was excited, the product state
distribution depended strongly on J%, .. This sug-
gests the existence of another dissociation channel
than the spin—orbit coupling with the 3A; state. The
curve crossing point with a repulsive 1B; state was
estimated to be the threshold of this predissociation.

B. NH;, C2H,
1. NH;

Strong predissociation in the AIA’; state of NH;
was found by examining the diffuse absorption
spectrum.®%® Douglas®* analyzed the spectrum and
showed that the NHs molecule is pyramidal (Cs,) in

the ground state, and is planar (Ds) in the A'A”,
state. Progression bands due to the out-of-plane
bending mode v, (the umbrella motion) are predomi-
nant in the absorption spectrum. The predissociation
was found to be slower in v} = 1 than in v; = 0, and
the rate increased again with vj for vy = 2. The
predissociation was much slower in ND3 than in NHa.
These facts were explained by the tunneling effect.
McCarthy, Rosmus, Werner, Botschwina, and Vai-
da’% performed ab initio calculations of the potential
energy surface. The potential curve corresponding
to the reaction
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Figure 29. The dependence of the potential functions for
the A and X states of NH; on R(H—-NH,) and the out-of-
plane angle 6. The mesh intervals are 0.1 A and 5°,
respectively. (Reprinted from ref 311. Copyright 1989
American Institute of Physics.)

NH, (A'A%) — H(S) + NH,X*B,)  (67)

was found to cross that of

NH, (X'A) — H(S) + NH,(A%A))  (68)
The AlA’é state, which has a bound 3s Rydberg
character, correlates with a repulsive potential which
has a very low barrier. From this, there exists a
conical intersection as illustrated in Figure 29.

Ashfold, Bennett, and Dixon3°¢ analyzed the line
width of the two-photon fluorescence excitation spec-
trum of ND3. They found that the predissociation
rate could be described as

I To{1 +2TJ(J + 1) — 0.62K*]}  (69)

for the slow predissociation level 2!, in which v}
equals 1 and other vibrational quantum numbers are
zero. x’ is a constant which depends on the vibra-
tional level. These experimental results were well
explained by a model calculation.?” The relatively
slow predissociation in the v; = 1 level was at-
tributed to a high dissociation barrier. This effect is
expected to become constant as the vibrational energy
increases. However, the observed rate was rather
fast for v, = 2 levels. This discrepancy was ascribed
to vibrational nonadiabaticity for v; = 2. For ex-
ample, the 2" level can mix with 11271 by anhar-
monic coupling. This in turn promotes the N—H
stretching mode (v;) and enhances the predissocia-
tion. The interaction between the bound and repul-
sive states was estimated to occur through centrifu-
gal assistance and Coriolis coupling. Both of these
effects give the same dependence on J’ and K":

I'(J K) o Ty exp{y,[JJ + 1) — K*] + y K°} (70)
where yp and v, are constants. This is approximately
consistent with the experimental result of eq 69. The
predissociation rate and the product state distribu-
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Figure 30. NH; internal energy spectra resulting from
photolysis of jet-cooled NHj3 at (a) 46200 cm™! (A-X 08
band) and (b) 47080 cm™! (A—X 2 band). Indicated above
the spectra are the energies of the different NV = K",
levels of the (000) and (010) levels of NHj (X); indicated
also on each spectrum is the energy corresponding to the
maximum available [i.e., ~v — DYH-NHy)]. (Reprinted
from ref 310. Copyright 1988 American Institute of Phys-
ics.)

tion were calculated, and a reasonable coincidence
with the observed JJ’, K’ dependence were obtained."

Endo, Iida, and Ohshima®"® measured the line
widths of the rotational lines for the v” = 0 level by
microwave-optical double resonance. They found a
weak K’ dependence:

I(J'K’) = To{1 + 0.00437J(J" + 1)— 0.00058K"%}
(71D

Ashfold and Dixon®® demonstrated that this obser-
vation was consistent with the model presented by
Dixon.?” In the v” = 0 level, Coriolis coupling was
found to be important and the predissociation rate
was less dependent on K".307

Biesner, Schnieder, Schmeer, Ahlers, Xie, Welge,
Ashfold, and Dixon?3!° measured the state distribution
of H atoms by using photofragment translational
spectroscopy. Fine structure was observed in the
time-of-flight spectrum of H atoms produced by the
predissociation from the vibronic level of the NHjs
AlA” state. The flight time was transformed into the
NH: internal energy as shown in Figure 30. The
rotational lines were not resolved due to broadening
by rapid dissociation, and the wavelength of the
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exciting laser was tuned to the center of the vibra-
tional band of v5 = 0 (Figure 30a) and v = 1 (Figure
30b). The sharp peaks showed that NH; was popu-
lated specifically in the N”" = K”_ level of the ground
state with the maximum possible angular momentum
about the @ internal axis (in-plane, parallel to HNH).
This indicates that the rotational excitation in NH;
is induced by the acceleration of the out-of-plane
motion in the vicinity of the conical intersection. The
rotational energy of NH,; was much higher for the
excitation to the v; = 1 level of the parent NHj
molecule than for the v, = 0 level, where an in-
verted distribution of the rotational levels was ob-
served. This difference between v; = 0 and 1 was
explained by the shape of the vibrational wave
function. For v;, = 1, the wave function of the
bending mode has a node in the molecular plane. This
reduces the rate of planar dissociation which pro-
duces the NH; fragment with little rotational excita-
tion.

The dependence of the product state distribution
on the rotational level of the parent molecule was
observed for NDs,?!1 where rotational lines were
resolved in the excitation because of the slow pre-
dissociation. When levels with large values of J(J +
1) — K2 in the parent ND3 molecule were excited, the
rotational energy of the product ND; was observed
to be relatively small. This rotational dependence
was also explained by the same mechanism as in
NH;. The out-of-plane moment (J°) of ND3 which is
proportional to J(J + 1) — K? has a centrifugal
contribution to the effective radial potential and
consequently gives increased kinetic energy. Since
it introduces a bias in favor of the more direct near-
planar dissociation, the rotational excitation is sup-
pressed for levels of large values of J(J + 1) — K2,

2. CgHg

By probing photolysis®!? and measuring fragment
translational energies,?1® the primary predissociation
process of CoHj in the vacuum UV region was shown
to be

C,H,— C,H+H (72)

From the analysis of the absorption spectrum,314315
C:H; was found to be linear in the ground state, and
trans-bent in the A!A, state. Fujii, Haijima, and
Ito316%17 found that the fluorescence excitation spec-
trum of the transition to the AlA, state was domi-
nated by progression bands of V;Ki (n = 0-3),
where the mode V'is the trans-bending vibration. The
fluorescence intensity abruptly decreases at wave-
lengths shorter than the V3Kj band at 215.970 nm.
By comparing the intensity of the absorption spec-
trum with that of the fluorescence excitation spec-
trum, the rotational dependence of the predissocia-
tion yield was found to differ above and below the
threshold. In the ViK} band just below the thres-
hold, the predissociation yield increased proportion-
ally to J'(J° + 1), but changed irregularly in the
V3K?} band above the threshold. From this, it was
concluded that the predissociation in the AlA, state
of CoHy; was due to tunneling in which the barrier
top corresponds to the predissociation threshold. The
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Figure 31. CN LIF spectra at different photolysis wavelengths (570—585 nm), following the photodissociation of expansion-
cooled NCNO. The spectrum in the rear is obtained by monitoring CN(X2x+,v”=0,N"=0) as the photolysis wavelength is
varied. The individual CN LIF spectra, at specific photolysis wavelength, are displayed perpendicular to the horizontal
axis. (Reprinted from ref 321. Copyright 1985 American Institute of Physics.)

J'(J’ + 1) dependence below the threshold was ex-
plained by rotational interaction. It is also expected
that there is no J” dependence above the threshold.
These explanations are consistent with the observed
rotational dependence. Although the origin of the
irregularity in VSOK(I) is not clear, it may be at-
tributed to accidental perturbation with another
excited state such as a spin—orbit interaction with a
triplet state. Haijima, Fujii, and Ito®'” performed
similar experiments on C2D.. The threshold energies
was found to be shifted by the difference in the zero-
point energy, which supports the tunneling mecha-
nism,

Osamura, Mitsuhashi, and Iwata3!® carried out ab
initio calculations of the potential curves of CoHp
using the MCSCF method. They found a cis-bent
state below the threshold and pointed out that trans—
cis isomerization can occur before the dissociation in
the AlA, state. Detailed product analysis will be
necessary to elucidate the overall predissociation
process in the CoHs molecule.

C. Nitroso Molecules

Strong predissociation can occur in the S; state of
nitroso molecules, which are induced by an internal
conversion to the ground state. A prototype molecule
for this type of predissociation is HNO. In this
section we extend the discussion to other nitroso
molecules, NCNO, CFsNO, and (CH3)sCNO.

1. NCNO

The absorption band of the A!A”—X1A’ transition
of NCNO extends throughout the visible region.3!?
Nadler, Reisler, Noble, and Wittig32:321 observed the
fluorescence excitation spectrum in a supersonic jet
and found a clear cutoff of the fluorescence intensity

at 583.3 nm. They also measured the PHOFEX
spectrum, and some vibronic structure was observed
at wavelengths above the threshold. The decrease
in fluorescence was attributed to the predissociation

NCNO(A'A”) — CN(X2") + NOX?IT) (73)

The PHOFEX spectrum of NCNO in a supersonic
jet near the dissociation threshold is shown in Figure
31, where the fluorescence excitation spectrum of the
CN(B2Z+—X2z*) transition was measured. Although
the vibrational structure was analyzed near the
origin level, 3?2 the vibrational quantum numbers are
not assigned near the predissociation threshold of
5750 cm™!. The rotation of CN was excited slightly
by the excitation of NCNO at the predissociation
threshold. The average rotational energy of CN was
found to increase as the excess energy increased (see
Figure 31). The production of CN for v” = 1 and 2
was found to occur at their threshold energies. The
fluorescence excitation spectrum of the NO(A2Z+—
X?ID) transition was observed by Qian, Noble, Nadler,
Reisler, and Wittig,3?3 and the rotational distribution
of the NO(X?II) fragment was nearly the same as for
CN. For NO formed in the reaction, the spin—orbital
states (*I1y, and 2[132) were almost equally populated.
From these experimental results, it is concluded that
the predissociation occurred following internal con-
version to the ground state. The rotational distribu-
tion of the fragments was in good agreement with
phase space theory calculations,3?43?5 where the
excess energy was assumed to be partitioned statisti-
cally among every internal degree of freedom.

As indicated by the level shifts near the origin of
the AlA” state, the AIA” and X'A’ states must be
vibronically coupled Renner—Teller components,32?
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Because the level density increases rapidly as the
energy increases, the radiationless transition be-
comes faster in high vibrational levels. The top of
the high barrier in the ground state is the threshold
position of the predissociation. Above it, the excited
NCNO molecule undergoes fast internal conversion
to the ground state, and dissociates via a loose
transition state. The products were found to have a
statistical thermal distribution. Calculations of the
unimolecular reaction based on the phase space
theory could reproduce the observed distribution
qualitatively. However, for high excess energy where
CN(%Z*,v”"=1) was produced, a modified phase space
theory (SSE) provided quantitatively better fits.326
This mechanism was confirmed by the Doppler
profile of the rotational lines of CN.%2? The observed
profiles were fit well by the SSE method, and the
translational distribution of the CN fragment was
found to be statistical and isotropic.

Khundkar, Knee, and Zewail®?® obtained the ab-
solute reaction rate of the predissociation for several
vibronic levels by observing the real-time appearance
of the CN product using the technique of picosecond
time-resolved spectroscopy. The results could be
explained by the phase space theory. However, the
calculated absolute rate and the relative yield ob-
tained by the PHOFEX spectrum were not exactly
in agreement because they depend on global and local
features of the potential energy surface.

2. CFsNO

DeKoven, Fung, Levy, Hoffland, and Spears’®
measured the excitation spectrum of the AIA”—XIA’
transition of CF3NO in a supersonic jet, and observed
well-resolved vibronic structure. From the vibra-
tional analysis, CFsNO was determined to be eclipsed
in the ground state and staggered in the S, state. The
torsional mode vy, the CF; rocking mode vs, and the
skeletal bending mode v; were prominent in the
spectrum. Spears and Hoffland®3° found a breaking-
off and diffuseness in the fluorescence excitation
spectrum, and measured the lifetime of each vibronic
level. The predissociation

CF,NO (A'A”) — CF, + NOX?L) (74)

was estimated to occur through A — X internal
conversion. Bower, Jones, and Houston®! observed
the PHOFEX spectrum by monitoring the NO(A?Z+—
X?I1;) transition intensity. Dyet, McCoustra, and
Pfab33? reinvestigated the lifetime, predissociation
yield, and the state distribution of the NO fragments
for several vibronic levels. By comparing the intensi-
ties of fluorescence excitation and PHOFEX spectra,
the NO yield was found to be dramatically enhanced
when CF3NO was vibrationally excited via v4, vs, and
combinations of the two modes. The CF; rocking and
the skeletal bending were found to promote the
predissociation in the AlA” state of CF3NO. The
main product was NO(X?II;;v”"=0) and the production
of vibrationally excited NO(v"'=1) was small (<1%).
The rotational distribution was statistical, and the
rotational energy increased as the excess energy
increased. These results were interpreted by a
predissociation mechanism where the AlA” state of
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CF3NO is coupled with the X'A’ state, and the
dissociation occurs through A — X internal conver-
sion.

The observed decay was found to be biexponential
for high vibrational levels of the A1A” state. This
suggests that the aA” state is considerably mixed
with the A'A” state by spin—orbit interaction. The
a3A” state is not well studied, although its location
is well known to be about 6270 cm™! above the ground
state in HNO.%3% The vibrational level density was
estimated to be 1 x 105cm™1 for X!A’, and 600/cm™1!
for a®A” at the energy of the A!A” origin level. The
internal conversion was estimated to be favorable in
the lower energy region. For high vibrational levels,
the level density of the a®A” state increases signifi-
cantly. Therefore, the intersystem crossing becomes
significant and the decay becomes biexponential. In
both mechanisms, the v7 or vs mode excitation was
estimated to increase the Franck—Condon overlap
and, hence, to enhance the mixing of the A and X
states. Similar results were observed for CCIF,NO33*
and CCL,FNO.335 The contribution of the aA” state
was found to be more important for CCI;FNO pre-
dissociation.

3. (CH3)sCNO (t-BuNO)

The appearance time of the NO fragment after the
excitation of (CH3);CNO was observed to be very fast
(less than 10 ns).?%® Noble, Qian, Reisler, and Wit-
tig®37:3%8 observed the fluorescence excitation spec-
trum and the PHOFEX spectrum by monitoring NO
fragments in a supersonic jet. The ¢-Bu torsion and
the CNO bending were found to be prominent in the
fluorescence excitation spectrum of the parent (CHs)s-
CNO molecule. Above the intensity break-off point
at 689 nm, NO was found to be generated with a rise
time less than 60 ns. In contrast, the NO production
was much slower (3.2 us) for longer wavelength
below the threshold. This indicates that two different
channels exist for the predissociation of (CH3)sCNO.
The slow channel is attributed to the dissociation in
the ground state after internal conversion. The fast
component is considered to be caused by intersystem
crossing to the a®A” state. This contribution is
expected to become more important in the high-
energy region because the vibrational state density
increases strongly with the excess energy.

From the analogy of HNO, the a®A” state is
expected to have a barrier to dissociation. The
maximum point corresponds to the fluorescence
break-off point. In the long wavelength region where
the slow channel was predominant, the rotational
population of the NO fragments had a statistical
distribution and the averaged appearance time was
3.7 us. The level density of the ground state was
estimated to be extremely high in the AlA” state
region (~101%cm™1). As a result, the intramolecular
vibrational redistribution became fast, and caused
the dissociation rate to become slow. Calculations
based on the RRKM theory?®® predict the dissociation
time to be on the order of microseconds, which agrees
well with the observed appearance time. However,
the appearance curve was observed to be biexponen-
tial above the fluorescence break-off point. The level
density of the aA” state was estimated to be ~10%
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Figure 32. Energy level diagram for HoCO. The dashed
lines show the correlations between bound states and
continua. (Reprinted from ref 353. Copyright 1976 Ameri-
can Institute of Physics.)

ecm™1, which corresponds to a predissociation rate
~108 571, The biexponential rise was attributed to
the subsequent a — X radiationless decay.

D. Carbonyl Molecules

The molecular conformation of carbonyl molecules
is drastically changed by the n — z* excitation, so
that the Franck—Condon envelope of the transition
shifts and the high vibronic levels can be excited. The
vibrational mode selectivity in predissociation of the
Yna*) state has been the subject of extensive studies.

1. H,.CO

Formaldehyde H,CO was found to dissociate and
yield various products when irradiated with UV
light.33® The photochemistry has been extensively
investigated concerning interstellar chemistry or
isotope enrichment.?*® Two predissociation paths in
the S; state have been reported:

H,CO (S,'A,) —~H, + CO @
—HCO +H In

I and II are called the “molecular mechanism” and
“radical mechanism”, respectively. From the study
of molecular-beam time-of-flight photofragment spec-
troscopy, it was shown that both processes occurred
via the ground state under collision-free conditions.3
It was also shown that 65% of the available energy
was transferred to the translational energy of frag-
ments in I, while the translational energy of HCO in
II was small. An interpretation of this energy
partitioning was shown by Figure 32, which was
constructed based on the results of ab initio calcula-
tions of the potential energy surfaces of HoCQ 342347
There is a high barrier to dissociation in the molec-
ular mechanism I, which induces a large product
translational energy. In contrast, there is no barrier
in the radical mechanism II. These two processes
compete when the excitation energy is greater than
32 000 cm™! and high vibrational levels are excited.
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Figure 33. Effect of isotope substitution on the CO(v”=0)
rotational distribution. The top trace is from HoCO pho-
tolysis at ~29 490 ecm~l. The middle trace is HDCO
photolysis at ~29 515 cm™!. The bottom trace is D:CO
photolysis at ~29 545 cm~!. The middle and top traces
have been displayed by two and five vertical units, respec-
tively, from the bottom trace. (Reprinted from ref 352.
Copyright 1985 American Institute of Physics.)

The decay rates of vibronic levels in the S; state
were observed to depend strongly on J’ and K’.348-350
Henke, Selzle, Hays, Schlag, and Lin®?! explained
this effect by Coriolis coupling and the vibration—
rotation coupling due to the centrifugal distortion.
These two contributions were observed to depend on
the vibrational state. The rate was found to increase
remarkably with K/, in the 4] level, where v, is the
C=0 out-of-plane bending. Bamford, Filseth, Foltz,
Hepburn, and Moore?*? observed the PHOFEX spec-
trum by monitoring the CO population. The predis-
sociation rate for the molecular mechanism I was
shown to be approximately the same as the decay
rate, although it included minor contributions of the
radiationless decay. The state distribution of CO was
determined by measuring the excitation spectrum of
CO. Figure 33 shows the rotational distribution of
the nascent CO fragments (X2Z*,0”=0) at the excita-
tion of the 2141 band of H,CO, HDCO, and D.CO,
where v» is the C—H stretching. In H,CO, the
distribution was found to have the maximum at J”
= 40. This was considerably different from that
calculated assuming statistical energy partitioning.352
The J” value at the peak was observed to increase
with deuterium substitution. Houston and Moore333
studied this mapping of the CO vibrational energy.
The main product was COX!Z*,0”=0) and the dis-
tribution was almost independent of the vibrational
mode excited. The population of CO(v”=0) increased
gradually with the excess energy. If the excess
energy were statistically partitioned among all in-
ternal degrees of freedom and relative translational
energy, the vibrational energy of CO was estimated
to be 14% of the excess energy. However, it was only
0.7% in the 4] level. This indicates that the predis-
sociation path I is not statistical. Since these results
show that the energy randomization does not ef-
fectively occur during the dissociation, the Hy frag-
ment is expected to be internally excited. By using
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Figure 34. Fluorescence excitation spectrum of CH;CHO
(a) and PHOFEX spectrum of CH3CHO obtained by moni-
toring QPy(5) of the B(0,0,2) « X(0,0,0) transition of HCO
(b). (Reprinted from ref 363. Copyright 1993 Elsevier.)
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the technique of coherent anti-Stokes Raman scat-
tering (CARS), Debarre, Lefebvre, Pealat, Taran,
Bamford, and Moore??* measured the vibrational and
rotational distribution of the nascent Hy fragments
for the excitation to the 214! level. The fractions of
partitioned energy were determined to be 4% for
translation, 13% for rotation, and 1% for vibration
in CO, and 61%, 5%, and 16%, respectively, in
H,.341,353,354

Apel and Lee® studied the dependence of nonra-
diative decays on the vibronic level of the H,CO S;1A;
state for low J’ levels. The fluorescence lifetimes of
the 2741 and 2743 levels were found to be noticeably
shorter than others. They concluded that the radia-
tionless decay was mode-selective and that the out-
of-plane bending was the promoting mode. This
observed S; vibrational mode selectivity was consis-
tent with the mode specificity in the unimolecular
dissociation of the S; state obtained by theoretical
calculations.?6:357 Weisshaar and Moore®*® found
that the fluorescence decays of single rotational levels
in 4! were changed irregularly by an electric field.
The effect of an external magnetic field was found
in D3CO by Orita, Morita, and Nagakura,®°2%° and
they suggested that the triplet state was involved
with the predissociation.

2. CH;CHO

Three dissociation channels are involved in the
photolysis of acetaldehyde:36!

CH,CHO — HCO + CH, @
—H + CH,CO an
—CO + CH, (1II)

A fluorescence cutoff was observed at 317.5 nm in a
supersonic jet.%62 Kono, Takayanagi, Nishiya, and
Hanazaki?®32%64 observed the PHOFEX spectrum by
detecting HCO fragments. Figure 34 shows the
fluorescence excitation spectrum of CH;CHO and the
PHOFEX spectrum monitoring the B(002)—X(000)
QPy(5) transition of HCO. Many vibronic bands were
observed with an unresolved rotational envelope. The
predissociation was found to begin at 320.5 nm and
the fluorescence yield was found to decrease drasti-
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cally at 317.5 nm. The rotational distribution of the
HCO fragment was approximately the same for
several vibronic bands above the threshold. The
averaged value of the rotational energy was about
6.2 kJ mol~1 and the rotational temperature was
about 500 K. They concluded that channel I occurred
via the T\3(na*) state. The excited molecule in the
S; state is transferred to the T state by intersystem
crossing. The CH;CHO molecule is pyramidal in
both of the S; and T, states, and spin—orbit interac-
tion is appreciable. The T, state was estimated to
have a barrier to dissociation, and the top of this
barrier coincides with the predissociation onset. The
rotational excitation in the HCO fragment was at-
tributed to the torque imparted to the fragments
when the system moved on the exit potential surface.
By a simple impulsive model, they calculated the
rotational energy to be 5.8 kJ mol™!. The results
were in good agreement with the experimental
results.

3. Cyclobutanone

In 1942, Benson and Kistiakowsky®®® studied the
photochemistry of the excited cyclobutanone molecule
and showed that it decomposes by two primary
processes

cyclobutanone — CH,CO + C,H, )
—c-C3Hy + CO In

Lee, Denschlag, and Lee?®¢~368 analyzed the products
of the photodecomposition of cyclobutanone in the S,!-
(n7*) state. They concluded that the path I occurred
via internal conversion to the ground electronic state,
but the path II occurred via the intersystem crossing
to a triplet state.

The fluorescence quantum yield was measured?36%37
and was shown to decline suddenly at 319 nm (1200
cm™! above the origin level). Tang and Lee’"! ob-
tained the product ratio of the paths II and I, C1/C;,
for a number of single vibronic levels in the S; state.
The main path near the origin level was found to be
the path II with a value of C1/Ci equal to 7.0. The
ratio decreased gradually at an excess energy greater
than 700 cm™!, which was identified to be the onset
of the predissociation in the S; state of cyclobutanone.
At the excess energy of more than 1500 em™1, the Cry/
C; ratio was less than 0.5. The branching ratio still
depended on the excess energy. However, no ap-
preciable vibrational mode selectivity was observed.
The decrease of the Cr/C; ratio with the excess energy
was attributed to the increase of the S;—S; internal
conversion.

4. CHOCHO

By exciting a single rotational level in the S;1A.-
(n7*) state of glyoxal, Loge and Parmenter®’? inves-
tigated CO and H; formation. The predissociation
yield was almost independent of the rotational quan-
tum number J” and K’. Hepburn, Buss, Butler, and
Lee’ confirmed this result under collision free
conditions. Osamura, Schaefer, Dupuis, and Lest-
erd’* carried out ab initio calculations, and two
primary processes
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Figure 35. Fluorescence excitation spectrum of CHOCHO
unnormalized for variations in the dye laser intensity. The
normal modes are as follows: vs, C—H wagging; vs, C—C=0
wagging; v7, torsion. (Reprinted from ref 375. Copyright
1987 American Institute of Physics.)
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Figure 36. CO laser-induced fluorescence intensity as a
function of delay time between the probe and photolysis
lasers. CO was monitored on the AlI(v'=2,J'=37) ~— X1Z*-
(L”=0,J"=3T7) transition. The label in each panel indicates
the relevant predissociating vibronic band of CHOCHO.
(Reprinted from ref 375. Copyright 1987 American Insti-
tute of Physics.)

CHOCHO(S,'A,) — H,CO + CO @
—H, +2CO an

were proposed to take place via a planar transition
state. I and II are called the “formaldehyde channel”
and “triple whammy channel”, respectively. The
predissociation of the S;lA, state was studied by
measuring the PHOFEX spectrum.?’®> The fluores-
cence excitation spectrum of CHOCHO using a
supersonic jet is shown in Figure 35, where only the
K’ structure is resolved. The Q(37) line of the CO
AlfI(v'=2) — X1Z*(v”=0) transition for the 05, 55,
81, and 4} excitations was observed. The appear-
ance time of CO was in good agreement with the
decay time of the excited vibronic level of CHOCHO,
and was remarkably fast for the 8) band (see Figure
36). The rotational profiles of the fluorescence exci-
tation and PHOFEX spectra were in good agreement.
This indicated that the intersystem crossing to the
T,%A, state was shown to be negligible.?’¢ Therefore,
the observed vibrational and rotational dependence
was attributed to the internal conversion and dis-
sociation in the ground state. CO was not formed
vibrationally excited, but the rotational levels were
populated for J” = 0—65. The averaged energy was
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much higher than the statistical distribution. From
the Doppler profile, the velocity vector v of CO was
observed to be nearly perpendicular to the total
angular momentum J. This is expected if the transi-
tion state is planar. The CO velocity should be small
in the triple whammy channel from energetic con-
siderations, but low velocity components were not
observed in the Doppler profile. Therefore, it was
concluded that the main channel which yielded the
CO fragments with high rotational energy was the
formaldehyde channel.

E. CH;SH

Selective fission of the strong S—H bond over the
weak C—S bond was observed in the UV photolysis
of methyl mercaptan CHsSH, and a potential energy
surface of the excited state was suggested to be
repulsive.3"3"® However, Mouflih, Larrieu, and Chail-
1et?” showed by ab initio SCF MO calculations that
the 21A” potential energy surface accessed by the UV
excitation was bound in the S—H coordinate.

Keller, Kash, Jensen, and Butler,3%° and Jensen,
Keller, Waschewsky, Stevens, Graham, Freed, and
Butler®®! studied both experimentally and theoreti-
cally the following photodissociation processes of CHs-
SH in detail:

CH,SH + hv — CH,S + H )

— CH, + SH (D)

CHsSH has two broad absorption bands at 235 and
205 nm.?*? CH;SH in a molecular beam was excited
at 248, 222, and 193 nm, and the photofragment
velocity and angular distribution were measured.
According to the ab initio calculations, there are two
electronic states, 1!A” and 2!A”, respectively, of
repulsive and bound potentials with respect to the
S—H coordinate. Photoexcitation at 248 and 222 nm
accesses the lower potential energy surface near the
saddle point, while excitation at 193 nm accesses the
upper bound potential energy surface. By measuring
the photofragments, it was shown that the C—S bond
fission did not occur at 248 nm, but occurred slightly
at 222 nm. Although the branching ratio between
C—S bond fission and S—H bond fission was a factor
of eight larger at 193 nm than at 222 nm, the S—H
bond fission was still dominant. In the dispersed
emission (resonance Raman) spectrum excited at 193
nm, a progression of peaks assigned to C—S stretch-
ing were observed in the spectrum, but S—H progres-
sions were not observed. The initial motion on the
upper potential energy surface was suggested to be
along the C—S coordinate. Consequently, the S—H
bond fission can occur by internal conversion to a
lower dissociative surface. However, angular distri-
bution of the fragments showed that the bond fission
was strongly anisotropic and occurred on the time
scale of rotation. It was concluded that the nona-
diabatic coupling between the upper and lower states
was important in the dissociation dynamics.
Yarkony?®® performed MCSCF calculations and
pointed out that a conical intersection of potential
surfaces exists between the two 1A” states. Excita-
tion at 193 nm accesses the 2!A” state which is
bound. CH3SH does not dissociate adiabatically from
this state. However, the nonadiabatic transition
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21A”—11A” occurred on the surface of conical inter-
section involving states of mixed-valence—Rydberg
character. It was concluded that the conical inter-
section facilitated the photodissociation of CH;SH at
wavelengths short enough to reach the 21A” state.
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