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1. Introduction

Dynamics of the molecular complexes bound with
weak intermolecular forces such as van der Waals forces
and hydrogen bonding has recently attracted consid-
erable attention. Among various types of work, the
photoinitiated chemical reactions of these complexes
are of particular interest since they would extend the
research field of chemical reaction dynamics by adding
some new features to it.

Among several points of interest, we would particu-
larly emphasize here the following two aspects which
seem to be most important and to make the dynamics
of these complexes distinct from that of normal mole-

Received October 31, 1990 (Revised Manuscript Received May 29, 1991)

cules. First, this kind of complexes has weak inter-
molecular bonds which add some characteristic features
to their dynamics. It is essential in the study of their
dynamics to elucidate how the intermolecular vibra-
tional modes are involved in and characterize the dy-
namics of relaxation and chemical reaction.

Second, the weakly bound complexes give us an op-
portunity of investigating the “half reaction” or “half
collision”, which corresponds to the latter half of a
bimolecular collisional process. In bimolecular reac-
tions, the collision parameters such as the relative
alignment of reactant molecules, the relative transla-
tional energy, and the impact parameter determine a
differential cross section. However, in a conventional
measurement of reaction rate, one obtains only the in-
tegrated cross section as a result of statistical averaging
over all possible values of collision parameters. Among
several efforts to specify the collision condition to obtain
a differential cross section, the hexapole electric field!®
and polarized excitation techniques®14 have been ap-
plied to select a particular relative orientation of reac-
tion partners. Relative translational energy may also
be selected by using a crossed molecular beam with
velocity selection.!®* However, the impact parameter
remains still uncontrollable. By photoexciting the
complex corresponding to the reaction intermediate or
collision complex in a bimolecular reaction, it is possible
in principle to start the reaction with well-defined
“collision” parameters (energy, impact parameter, and
relative orientation) determined by the geometry of the
parent complex. Comparing the results with the cor-
responding bimolecular collisional process, one could
study the dynamics in substantial detail.

In this article, which covers the literature before July
1990, we intend to review the current status of studies
on the photoinitiated chemical reaction of the weakly
bound binary complexes by trying to give a unified
understanding of the phenomena and to survey possible
future development of the research field. The materials
to be reviewed in this article will be divided into two
parts: The rearrangement reactions of the complexes
initiated by photoexcitation of one of the constituent
molecules to its dissociative excited state!®6 are dis-
cussed in section II, and the rearrangement reactions
initiated by the photoexcitation to the bound state of
one of the constituents®! are discussed in section IIIL.
We shall not discuss here the case where the photoex-
cited complex dissociates simply into its constituent
molecules, since it constitutes another big field of re-
search to be reviewed separately.6%® The reactions of
complexes initiated by photoionization are also ex-
cluded since the discussions have so far been limited
to their energetics; neither reaction mechanism on the
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basis of their geometry nor relation with the corre-
sponding bimolecular reactions has been discussed.%¢
Comparison of the photoinitiated reaction of the
complex in a molecular beam with the corresponding
bimolecular reaction in a static (or flow) cell will appear
repeatedly throughout this article. In order to avoid
possible confusion, we shall hereafter distinguish them
by designating the former as the “reactant-pair” reac-
tion and the latter as the “bimolecular” reaction.
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Figure 1. Two conformers expected for HI-N;O. The positions

and directions of the attack of hydrogen to N,O are shown by
arrows.

I1. Reactions Initiated by Photoexcitation to
Dissociative States

A. General Considerations

This type of reactions can be written generally as
AB.CD + hy — (AB)*-CD — A--B-:Ce:D —
A+BC+D (1)

where AB and CD are the constituent molecules and
A, B, C, and D may be either molecules or atoms. (AB)*
represents AB in its dissociative excited state. The
corresponding bimolecular reaction is

AB+hw—A+B
B+ CD— B«C.D—-BC+D (2)

where B attacks CD with all possible values of collision
parameters.

Let us examine some general features underlying the
phenomenon by taking HI-N,O as an example.?? The
reactant-pair reaction is initiated by the UV photolysis
of the complex

HIN,O + hv — (HI)*:N,0 — L.H--N,0 —
I+ OH+ N, (3)

In the corresponding bimolecular reaction, which pro-
ceeds in a flowing mixture of HI and N,0, the hydrogen
atom generated by the photodissociation of HI attacks
N,0 to form OH and N, as follows:

HL+ e -1+ H
H + N20 — H‘”Ngo " OH + N2 (4)

Reactions 3 and 4 correspond to reactions 1 and 2, re-
spectively. In both of reactions 3 and 4, the distribution
over the rotational states of one of the products, OH,
is probed with the LIF (laser-induced fluorescence)
technique.

In the bimolecular reaction, the nascent distribution
over vibrational and/or rotational states can be ob-
tained by employing a gas pressure of ~1072 Torr and
a delay time between the photolysis and probe laser
pulses of ~100 ns. The hydrogen atom generated in
this way collides with N,O randomly, the collisional
geometry and the impact parameter being unspecified.
Although the relative translational energy of hydrogen
with respect to iodine could be determined uniquely by
a single-frequency photolysis, the relative energy of
hydrogen with respect to N,O cannot be specified be-
cause of the thermal velocity distribution of parent HI
and N,O.

It is possible to produce the complex HI:N,O in a
supersonic expansion of the mixture of HI and N,O
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with rare gases. Although the structure of HI-N,O is
not known, two conformers are expected to exist (Figure
1) by the analogy of HX:N,O (X = F, Cl, and Br).6-"
The isomers have different thermodynamical stability
and their relative abundance in a supersonic beam can
be controlled by varying the stagnation pressure. By
irradiation with a UV laser, the HI part of the complex
is excited to the state which corresponds to the disso-
ciative excited state of HI. The hydrogen atom then
attacks NyO within a framework of the complex, with
the position and direction of attack confined to a narrow
range determined by the geometry of the parent com-
plex as indicated by arrows in Figure 1. The “collision”
energy in this case is the excess energy carried by the
hydrogen atom on the excited potential surface and well
defined as the difference of the photon energy and the
potential energy. By comparing the results with those
of the bimolecular experiment, it is possible to obtain
information on the relative importance of two channels,
in which the hydrogen atom attacks the terminal oxy-
gen or nitrogen atom of N,O.

One of the original ideas in the studies of the complex
was, as mentioned above, to investigate the corre-
sponding bimolecular reaction under a specified colli-
sion condition. For example, one of the first studies of
this type was done for HBr-CO,, which was aimed to
investigate the bimolecular reaction, H + CO, — OH
+ CO, with limited collision parameters.!8 It assumed
implicitly that the halogen atom played a role only in
restricting the impact parameter. However, later
studies have revealed that this is not the case. The
product state distributions are indeed seriously affected
by the presence of the halogen atom as discussed in
section IL.G. Now we believe that the complexes should
be studied with interests in their own characteristic
dynamics, not as impact parameter limited analogues
of bimolecular reactions, although a comparison be-
tween reactant-pair and bimolecular reactions can still
provide plenty of information on the reaction dynamics
of the system.

B. Reaction Mechanism

In the following description of individual systems,
discussions of the reaction mechanism based on a com-
parison of the rotational distributions of a product
between the bimolecular and reactant-pair reactions will
appear frequently. The discussions given so far in the
literature seem to be rather tentative and somewhat
confusing. Therefore, it would be relevant to summa-
rize here an outline of the discussion. The discussions
are qualitative and more or less based on the classical
dynamical model. In Figure 2, a schematic potential
curve’ is given for the bimolecular reaction of H and
NyO. Two channels correspond to the attack of the
hydrogen atom at the terminal nitrogen and oxygen
atoms:

H + NNO — H.:N«N..O — OH + N, (5)

and
H + NNO - H«.Q«-N-«N—-OH + N, (6)

The minimum in the center of the potential curve
corresponds to the metastable intermediate H-.-N-..
N«O. In some cases the intermediate is stable enough
to have a lifetime during which the energy can ran-
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Figure 2. A schematic potential curve for the bimolecular reaction
of H and N,O based on the result given in ref 77. Two channels
correspond to the attack of H to the terminal N and O of N,O.
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Figure 3. The direct and indirect mechanisms in the bimolecular
and reactant-pair reactions.

domize statistically over the internal degrees of freedom.
We shall call this case as “indirect”. The resultant
rotational excitation is determined mainly by the sta-
tistical factor. An additional specificity in the distri-
bution, if any, may arise from the shape of potential
surface downward to the final -products.

On the contrary, the “direct” case will be realized if
the intermediate has a very short lifetime during which
there is no time of energy randomization. An example
is reaction 6, where an ab initio calculation’ has pre-
dicted no minimum for H...O--N-.-N (Figure 2), sug-
gesting this channel to be direct. In this case, the hy-
drogen atom attacking N,O with the specific values of
collision parameters, which are preferable in view of the
cross section, results in a specific distribution of energy
over the product internal and translational degrees of
freedom. In other words, the system retains its memory
of the initial collisional encounter, which determines the
distributions over the internal states of the final prod-
ucts. The processes are illustrated in Figure 3 together
with those for the reactant-pair case discussed below.
It is to be noted that the indirect case will approach the
direct case if the relative translational energy becomes
much higher than the reaction barrier, since too much
energy in the intermediate will make its lifetime shorter.
Therefore, the classification into direct and indirect
should be taken as the limiting cases.

The indirect case may be defined for the reactant-pair
reactions as the departure of the iodine atom at earlier
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stage of the reaction leaving the intermediate HeN-..
N-«O (Figure 3). Similar to the bimolecular reaction,
the resultant distribution would be governed mostly by
a statistical factor if the intermediate has a sufficient
lifetime for the energy randomization. The difference
from the bimolecular reaction is that there is a possi-
bility of partition of the excess energy into the relative
translational energy between the intermediate H..
Ne«:N:O and the iodine atom. If most of the energy
goes into translation, H:--N«N-.O would have little
excess energy to be used for the internal excitation of
the products, resulting in lower rotational and vibra-
tional temperatures compared with the bimolecular
reaction. Effect of the partition depends on how the
potential surface is repulsive in the entrance channel
where H attacks N,O.

On the other hand, the direct process may be defined
for the reactant-pair reaction on the analogy with the
bimolecular reaction as an instantaneous dissociation
of the photoexcited complex into I + OH + N, (Figure
3). Here we ignored the possibility of the existence of
a metastable intermediate, I..-HO. If it were existent,
it should constitute another indirect mechanism. Al-
though the effect of the I..HO interaction after the
kick-out of N, has been suggested in some systems (see
section II.G), it has been considered as “collisions”
during the course of escaping of OH from the system??
rather than the intermediate formation. We have
presently no definitive evidence for that “intermediate”
I..HO to have a sufficient lifetime for energy redistri-
bution. In the direct mechanism, the direction and
position of attacking of H at N,O are restricted by the
geometry of the parent complex and this memory is
carried over the whole reaction path. The resultant
internal excitation depends on how the parent geometry
is favorable for the excitation. The possible interaction
between I and OH would cool the rotational motion of
OH, and would also affect the relative population of the
spin—orbit states of product OH through the interaction
between the angular momenta of OH and I (see section
I1.C).

It is clear from the discussion given here that one
cannot specify one of the above mechanisms on the
basis of the comparison of rotational or vibrational
temperatures between the reactant-pair and bimolecu-
lar results, since any mechanism discussed above tends
to predict a lower temperature for the former. Addi-
tional experimental evidences such as the populations
over the spin—orbit fine states and A-doublets may serve
to specify the mechanism. Theoretical studies on the
potential surface correlation and trajectory calculations
are also helpful.

C. Fine State Distribution

In the case of OH, the population in the spin—orbit
states [F(2I1y/5) and Fy(*I1, ;5)] and the A-doublet states
[A/(IT*) and A”(IT7)] can be determined experimentally
by measuring the LIF intensities for the corresponding
rotational branches.”®# The F,/F, population ratio,
after corrected for the degeneracy, should be unity if
the partition to F, and F, occurs statistically (since the
energy difference between corresponding F, and F,
states is very small). Deviation from unity indicates
some interaction existent between angular momenta.
Experimentally, a statistical distribution has been re-
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Figure 4. A classical model for the formation of the A’(IT*) and
A”(IT") states of OH. Two extreme cases are illustrated. The
hydrogen movement in the H--O-A plane results in the formation
of OH in the A’(IT*) state (case a), where the 2p= electron lobe
lies in the plane of molecular rotation. The A”(IT°) state is formed
when the hydrogen attacks in the plane perpendicular to the O-A
axis (case b). The lobe is perpendicular to the plane of rotation.

ported for the OH produced in the HBr-CO, reaction!®
(see section I1.G.2), whereas higher F, over F,; has been
reported for the lower rotational quantum numbers of
OH produced in the HI:N,O reaction® (see section
I.G.6). It is not unreasonable to assume that the in-
direct case, where the total angular momentum can
distribute among several rotational and orbital angular
momenta, would impose a loose restriction on the F, /F,
ratio. On the other hand, the direct case would impose
a more strict restriction: If the iodine atom is finally
in the 2P, state, the conservation of angular momen-
tum may prefer the F, state of OH. The I.-HO inter-
action mentioned above may also give rise to additional
effects. Unfortunately the conservation relation cannot
be examined exactly because of ambiguities in the
multiply dissociative photoexcited state in HI® and in
the orbital angular momenta in the final state. How-
ever, existence of the I-.HO interaction and the pre-
ferred I(*P;/5) channel because of its higher excess en-
ergy could be a reason for the preference of F, to F,.

The A-doublet is the splitting due to the interaction
of the spin angular momentum with the rotational an-
gular momentum.”™ In the A’(IT*) state, the unpaired
electron in a 2p atomic orbital lies in the plane of mo-
lecular rotation of OH, whereas it lies out of the plane
of rotation in the A”(II") state. The partition into A’
and A” has been discussed qualitatively on the basis of
a classical model for which two extreme cases are il-
lustrated in Figure 4. In the direct type reaction, two
modes of attack occur with nearly equal probability.
Therefore, the reaction would give A’/A” ~ 1 if there
is no appreciable anisotropy in the cross section. Even
in the reactant-pair reaction, coupling of the transla-
tional motion of H toward N;O with the bending
motion of H in various out-of-axis directions would
result in A’/A” =~ 1. In the case of the indirect reaction,
it is possible that A’ or A” is preferred according to the
conformation of the intermediate and the activated
complex. An example for this preference will be given
in section I1.G.6. Thus examination of the fine state
distribution would render an opportunity to specify the
reaction mechanism in substantial detail.

D. Time-Resolved Measurements

A time-resolved measurement of the unimolecular
decomposition rate has recently become available and
has been applied to the HI-.CO, system.?#?®* A short-
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pulse laser decomposes the complex and another
short-pulse tunable laser is used to monitor the product
OH by the LIF technique. With varying delay between
two laser pulses, it is possible to measure the rise time
of individual rotational states of OH. Some general
features pertinent to this kind of studies will be dis-
cussed here in terms of the above-mentioned reaction

mechanisms.
Taking HI-CO, as an example, we may consider the
direct mechanism following the scheme in Figure 3 as
[IH--CO4)* — 1+ OH + CO N

1

If one measures the rise time of OH, it corresponds to
71, the decay of the photoexcited complex. As discussed
in section II.B, a collisional interaction has been pos-
tulated between I and OH. This interaction would
never affect the time evolution unless intermediate
I...HO exists. If it excited, scheme 7 should be written
as

[(IH..COy)* = I..HO + CO— 1+ OH + CO (8)

1 T2

where two time constants, 7, and 75, would determine
the rise of OH.
The indirect case in Figure 3 can be written as

[IH..COq)* =1+ HOCO -1+ OH + CO (9)
™’ 7o
where 7,’ or 75’ determines the rise of OH. For 7y’ >
7/, the rise of OH is determined by 7/, while 7, appears
as the initial delay of rise. In the case of 7’ < 7\, 1)/
will be measured as the rise and 7,’ determines the delay
of rise. The measured rise time of OH could, therefore,
by any of 7,, 79, 7/, or 75". When the delay of rise is
observed, one could conclude that the reaction proceeds
by scheme 9 (or 8). However, it is impossible to de-
termine which of 7,” and 75’ corresponds to the rise.

We shall close this section with a few remarks: First,
the time-resolved study of the complex, in its present
status, can determine the rise time of products (say,
OH) but can give only a poor information on the
mechanistic aspects. Future development on this line
should involve the direct detection of the intermediate
so that one could determine which process takes place,
as well as the direct measurements of 7;’ and ," as the
decay and rise times, respectively, of the intermediate.

Secondly, it is to be noted that the measurement is
done near the uncertainty limit. Thus, to retain the
spectroscopic resolution to measure, say, individual
rotational lines of OH, the pulse width should not be
less than ~1 ps. On the other hand, to improve the
time resolution further, one has to abandon the spectral
resolution. However, an incomplete spectral resolution
would make the quantitative analysis very difficult,
since the probe laser would cover only a part of the
rotational envelope. From this point of view, it is rather
desirable to use an ultrashort pulse in the femtosecond
range to cover the whole rotational envelope. The direct
detection of the intermediate mentioned above will be
more seriously restricted by this situation. One would
encounter a controversy between the time resolution
and the identification of spectroscopically unknown
intermediates.

Thirdly, the original idea of the time-resolved mea-
surements was to study the bimolecular reaction with
a well-defined starting time. In the bimolecular reac-
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Figure 5. Schematic diagram of a typical apparatus used for the
study of the reactant-pair reactions: PM, photomultiplier; Q-MS,
quadrupole mass spectrometer; TC, time base circuit.

tion, even the use of a ultrashort photolysis pulse cannot
determine the zero of time, since the dissociated H takes
some time before it collides with CO, and this time is
distributed statistically. On the other hand, the time
necessary for H to attack CO, within the complex
should be negligibly short so that one can define the
time of initiation very well. However, as discussed in
sections IL.A and II.G, it is improper to consider it as
a time-domain analogue of bimolecular reactions be-
cause of the effect of the I atom. Even in the case of
scheme 9, the excess energy carried by intermediate
HOCO is not equal to the value for the bimolecular
reaction, since a considerable amount of energy would
be taken as the relative kinetic energy between I and
HOCO.

E. Structural Information

Structural information is important in discussing the
mechanism of reactant-pair reactions. The infrared and
microwave spectroscopic techniques have recently be-
come available in the molecular beam experiments,
which enable us to estimate structures of several weakly
bound complexes. However, accumulation of data
seems to be still limited and more structural informa-
tion for a wider variety of complexes are desired. The
complexes for which a structural analysis has been re-
ported are summarized in Table I, where we have re-
stricted the systems to those related to the present
discussion,67-76:84-93

F. Experimental Aspects
1. Equipments and Technique

Details of the equipment used in the studies of the
reactant-pair reactions have been discussed in refs 17,
19, 25, and 32. A typical example is illustrated in Figure
5, where a vacuum chamber with a pulsed supersonic
beam source is combined with laser sources for excita-
tion and detection. The complex is produced in a
chamber by the pulsed supersonic expansion of pre-
mixed reactants diluted by rare gas. A mass spectrom-
eter (a quadrupole mass spectrometer in most cases) is
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TABLE 1. Experimental Studies on the Structures of

Complexes
observed
technique condition structure year ref
N,O-HF
electric mol beam bent 1981 67
resonance
IR matrix isolated bent 1981 68
near-IR mol beam linear 1987 69
microwave mol beam linear 1987 70
IR mol beam linear 1988 71
IR matrix isolated bent, linear 1989 72
microwave mol beam bent 1989 73
microwave mol beam bent, linear 1989 74
IR mol beam bent, linear 1989 175
IR mol beam linear 1990 76
N,O-HCl
IR mol beam bent 1990 76
N,O-HBr
IR mol beam bent 1990 76
N,0O-HI
No experimental datum is available.
CO,-HF
electric mol beam linear 1981 84
resonance
matrix isolated linear 1981 68
microwave mol beam quasilinear 1983 85
IR mol beam linear 1987 86
IR, microwave mol beam quasilinear 1989 87
IR mol beam linear 1990 88
CO,HCI
microwave mol beam linear 1982 89
microwave mol beam quasilinear 1983 85
IR mol beam linear 1990 88
CO4-HBr
IR mol beam bent 1990 88
COgHI
No experimental datum is available.
COzH,S
microwave mol beam cyclic 1990 90
OCS-HF
electric mol beam linear 1981 84
resonance
microwave mol beam quasilinear 1983 85
microwave mol beam linear 1985 91
IR, microwave  mol beam quasilinear 1989 87
OCS-HBr
No experimental datum is available.
(N;0),
IR mol beam slipped-antiparallel 1988 92
IR mol beam slipped-antiparallel 1988 93

equipped to measure the cluster-size distribution.

It is a prerequisite in this type of experiment that the
reactants do not react without light irradiation, since
a premixing of them before the supersonic expansion
is necessary. This situation would seriously restrict
possible combination of reactant pairs. (However, the
reactant pair which undergoes a slow dark reaction
could be treated by mixing them just before the nozzle
to minimize the dark reaction.??)

In most experiments reported so far, a fixed-wave-
length light source was used for dissociation (266 nm
from a Nd:YAG laser, 248 and 193 nm from an excimer
laser and the mixing and/or doubling of the Nd:YAG-
or excimer-pumped dye laser). Measurements with a
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tunable photolysis light are desirable to see the effect
of excess energy in the photodissociation. Various
alignments of photolysis and probe lasers have been
employed; e.g., collinear parallel, collinear antiparallel,
and perpendicular crossed.

2. Examination of Observed Data

Collisional bimolecular reactions such as reaction 2
may occur even in a molecular beam during the course
of expansion. In order to confirm that the product
being detected originates from the complex and not
from bimolecular reactions, one may perform a cell
experiment with the same partial pressure of the com-
ponent gases as that for the supersonic expansion.1819
In refs 18 and 19, where the reaction of HBr-CO, are
reported, the cell experiment was done for the HBr
(0.5%), COy (3% ), and He (96.5% ) mixture at the total
pressure of 0.2 Torr. The molecular beam experiment
was done for the same gas mixture at the stagnation
pressure of 1500 Torr. They have expected that any
possible bimolecular reaction should occur much more
efficiently in the cell. If it is not observed, one could
exclude the effect of bimolecular reaction in a super-
sonic expansion. However, this method should be ap-
plied carefully since the estimation of “pressure” at the
point of observation in the molecular beam is possible
only ambiguously. In the above example, the distance
of 2.5 cm of the observation point from the nozzle and
the nozzle diameter 0.5 mm would give us an order
estimation of the pressure at this point to be ~0.15
Torr based on the simple spatial expansion of gas.
However, a possible concentration of molecules in the
beam direction may give a much higher pressure, while
the beam alignment in a unidirection and the low tem-
perature attained in the beam would reduce the number
of collisions. Thus the comparison should be taken as
only qualitative.

A more direct evidence may be obtained by examin-
ing the time evolution of the product signal measured
with various delay times between the photolysis and
probe pulses. When the products are formed by col-
lision between monomer molecules, the product signal
reaches a maximum some time after the irradiation of
the photolysis laser. The delay corresponds to the flight
time of the hot atom such as H generated by the pho-
tolysis pulse to a reaction partner, as observed actually
in the cell experiments. On the other hand, no rise time
is observed in the reactant-pair reaction in the nano-
second time scale. This is because the reaction partners
stay in contact with each other in the complex when the
photolysis pulse initiates the reaction.

It is also essential to confirm that the product being
detected originates from the 1:1 complex, say XY, since
several higher order species are produced in a super-
sonic expansion and may give rise to the same product
as the 1:1 complex. The confirmation may be accom-
plished by comparing the stagnation pressure depen-
dence of the LIF signal intensity of product and the
mass-spectrometric signal due to the (XY)* ion. The
same pressure dependence is expected if the LIF signal
is due to the product from the 1:1 complex.

However, one has to be careful about the fact that the
electron-impact ionization may produce (XY)* not only
from the 1:1 complex XY but from the dissociative
ionization of higher order complexes. To discriminate
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TABLE I1. Reactions Initiated by Photoexcitation to
Dissociative States

corresponding
bimolecular  probed wavelength
reactant reaction product of photolysis, nm ref
(N;0), 0+N,0 NO 193 16,17
HBr-CO, H + CO, OH 193 18-22,
35,36
DBr.CO, D + CO, oD 193 23
HI-CO, H + CO, OH 239,233-263 24-27
DBr-0OCS D + OCS oD 193 28
H,S-CO, H + CO, OH 193 29,36
HBr-N,O H + N0 OH,NH 193 21,30,31
HI-N,O H+ N0 OH 266 32
(0CS), CO,S, 222-248 33,34

the source of (XY)*, one may measure the time-of-flight
signal for the parent ions, (XY)*, (X,Y)*, X,Y9)*, etc.,
at each mass number. Their rise times are different
depending on species. The difference is predominantly
due to the different rates of formation during the ex-
pansion, since the velocity is all the same for these
clusters. If the rise time of (XY)* is longer than X* and
Y*, and shorter than those for higher order complexes,
one can be sure that (XY)* is due to XY. After exam-
ining this point, it is possible to conclude that the
product LIF signal is due to the 1:1 complex by com-
paring stagnation pressure dependence of the optical
signal with that of the mass-spectrometric signal.

It is also to be noted that the beam divergence and
the spatial distribution of species in a supersonic jet
vary with stagnation pressure. The difference of the
positions of observation for the mass spectrometry and
the optical measurement would sometimes make it
difficult to compare the stagnation pressure depen-
dences. This effect would be more or less important
in the comparison of the optical and mass-spectrometric
signals for a free-jet beam, whereas a much better
correlation is expected for a well-defined skimmed
beam.

G. Individual Reactions

Table II summarizes the reaction systems studied so
far. The first observations of the reactant-pair reactions
of this type were reported independently by Honma and
Kajimoto!® for (N,O), and by Buelow et al.!® for
HBr-CO, in 1985. Since then several reactant-pair re-
action systems have been reported. Among them,
HBr-CO,, HI-CO,, and H,;S-CO, are related to the bi-
molecular reaction, H + CO, — OH + CO, which has
been studied extensively because it is the reverse re-
action of an important primary process, OH + CO —
H + CO,, in combustion.

1. N,O Dimer

Honma et al.!%17 reported the production of NO in
the 193-nm photolysis of the N;O dimer. They found
that the stagnation pressure dependence of the signal
intensity of NO* produced by two-photon ionization
was the same as that of [(N;0),]* measured with an
electron-impact-ionization mass spectrometer. They
also found that the production of NO* required three
photons in all. On the basis of these findings, the re-
action via O(*D)-N,O was proposed:

(NgO)2 + hv (193 nm) — O('D)-N,O + N, —
2NO + N, (10)
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a
&0
0—N=3:N 2
b
N—N-0=
0—N3N 2

Figure 6. Rotational excitation in the N,O + O reactin. In the
most favorable mode of attack of oxygen to N,O in the bimolecular
case (a), both of the oxygen movement and the dissociation of
the N-N bond are summed up to cause the rotational excitation
of the l;))roduct; NO, while they are canceled out in the reactant-pair
case (b).

LIF measurements for reaction 10 have shown that
the vibrational distribution of NO is a superposition of
two Boltzmann distributions. The experiment per-
formed with the isotopically labeled reactant 1*NNO
has shown that the vibrational distributions of NO
and ¥NO are different: 1NO formed from the terminal
N and O(!D) is vibrationally hot, while 1¥NO is cold.
Thus two NO molecules produced in reaction 10 can be
discriminated; namely, one formed by the extraction of
the terminal nitrogen atom of N,O in O(*D)-N,O by
O('D), and the other left after the extraction.

It has also been found that NO produced in reaction
10 is rotationally much colder than that observed in the
bimolecular reaction. This result was explained on the
basis of the structure of the dimer. In the case of bi-
molecular collision of O(!D) and N0, the oxygen atom
can attack the terminal nitrogen atom of the latter in
any direction and with any impact parameter. There
should be a set of collision parameters for which the
torque due to the attacking O(!D) and that produced
by the N-N bond cleavage can be summed up to excite
the rotational motion of product NO (Figure 6a). On
the other hand, the slipped parallel geometry of the
dimer®>® restricts the direction of approach of O(!D)
produced from one of N,O’s to the terminal N of the
other so that the torque generated by the attacking
O('D) and that produced by the N-N bond cleavage
cancel each other (Figure 6b). These considerations can
explain the difference of the rotational temperatures
between the reactant-pair and bimolecular reactions.
The geometry of the complex thus specifies the
“collision” parameters significantly compared with the
corresponding bimolecular collision where a statistical
average of reactions with various collision parameters
is observed. The effect is reflected fairly sensitively in
the internal state distributions of the products.

2. HBr-CO, and DBr-CO,

The reactant-pair reaction reported by Buelow et al.18
and Radhakrishnan et al.!® is

HBr-CO, + hv (193 nm) — OH(X?1) + CO + Br
(11)

They have measured the rotational distribution of
product OH and have found that OH produced under
the reactant-pair condition is rotationally colder than
that produced under the bimolecular condition. The
results for the R;; branch are shown in Figure 7.
They have suggested that the colder rotational dis-
tribution may be caused by two dissociation channels
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Figure 7. Rotational population for OH in the R,, branch ob-
tained in the reaction between HBr and CO, under the bimolecular
(upper) and reactant-pair (lower) conditions.?®> The figure in the
literature was redrawn to make the comparison of data easier.

in the 193-nm photolysis of HBr corresponding to the
formation of Br(*P,/5) and Br(*P,5).% The resultant
hydrogen atoms have translationa{ energies which are
99% of the available energy [260 and 215 kJ mol™! for
the Br(*P3/5) and Br(*P,;;) channels, respectively].!®
The higher energy channe{ tends to approach the direct
case, which has a narrower distribution of differential
cross section over collision parameters. If the geometry
of the complex is unfavorable for the direct reaction to
proceed, the lower energy channel would prevail in the
reactant-pair reaction. The lower excess energy would
then result in a lower rotational excitation in the
reactant-pair reaction.

On the other hand, Wittig et al.?® have later explained
the colder rotational distribution under the reactant-
pair condition by the indirect model on the basis of a
theoretical analysis (surprisal analysis). They have
found that, if the majority of OH produced in the
reactant-pair reaction originates from HOCO, its excess
energy is estimated to be about 9000 cm™ on the basis
of the experimentally determined distribution. It is in
contrast to the excess energy of HOCO in the bimole-
cular reaction which is estimated to be 11500 cm™. The
departure of Br at an early stage due to the repulsive
entrance potential results in a flow of the excess energy
into the translational energy between Br and HOCO at
the sacrifice of the internal energy of the latter. An-
other evidence for this point of view has been obtained
by the sub-Doppler measurement of the LIF spectra of
OH produced from HBr-CO, under the bimolecular and
reactant-pair conditions.?! Slightly narrower line widths
have been obtained for the latter, indicating that the
OH produced under the reactant-pair condition has less
kinetic energy than that produced under the bimole-
cular condition.

A quasiclassical trajectory calculation was made for
this reactant-pair reaction by Schatz and Fitzcharles.??
They assumed a linear equilibrium geometry for
HBr-CO, and two values of the excess energy, 1.9 and
2.6 eV, corresponding to the formation of Br(*P, ) and
Br(?P;,), respectively, in the 193 nm photolysis of HBr.
The litzetime of intermediate HOCO was estimated to
be 0.3 and 0.4 ps at 2.6 and 1.9 eV, respectively. They
discriminated two channels for the reaction HBr-CO,
— Br + OH + CO. One is the indirect channel (a
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“complex” mechanism in their terminology), in which
HOCO moves away from Br before dissociating to OH
+ CO. The other is the direct channel in which Br and
OH interact after CO escapes from the system. Several
collisional deactivations of OH by Br were postulated
during the course of departure of OH. However, the
rotational distribution of OH produced via either
mechanism was calculated to be not so much different
from those in the bimolecular reaction. The disagree-
ment with the experiments was ascribed to the inac-
curate potential surface they employed.

The population ratio of the F, and F, states of OH
was shown to be unity for all rotational states.’® The
ratio of populations in the A-doublet components in-
dicates a slight preference of the A’ states in which the
unpaired electron is in the plane of molecular rotation.1?
No further discussion has been made on these results.

The deuterium analogue of reaction 11 was also ex-
amined by Buelow et al.2 No remarkable effect of
deuteration was observed on the state distributions of
OD, excluding a role of the tunneling effect in this re-
action.

The structure of HBr-CO, has long been believed to
be linear on the analogy of HF-CO,%8%" and HCI.
C0,%%® whose structures have been analyzed spectro-
scopically (see Table I). However, a recent work by
Sharpe et al.® based on the high-resolution IR ab-
sorption spectroscopy has revealed that the equilibrium
geometry of HBr-CQ, is a quasi T-shape with the bro-
mine atom lying ~3.6 A from the carbon atom along
a line perpendicular to the CO, axis, and with the H
atom somewhere between Br and one of the O atoms.
It is therefore necessary to reexamine the previous
discussions based on the linear structure.

3. HI * COZ

Chen et al.% measured the rotational distribution of
OH produced in

HI.CO, + hv — I + CO + OH (12)

with the photolysis wavelength of 239 nm. The rota-
tional distribution of OH is bimodal and colder than
that produced in the corresponding bimolecular reac-
tion. They have assumed the existence of two different
excess energies of HOCO, 6000 cm™ (70% ) and 800 cm!
(30%), which may be compared with the excess energy
of 7880 cm™ for HOCO in the bimolecular reaction.
HOCO with the excess energy of 6000 cm™ has been
ascribed to the indirect process, where the excess energy
is partly taken as the translational energy between I and
HOCO. The source of the excess energy of 800 cm™ is
not clear, though they have discussed several possibil-
ities. The direct mechanism shown in Figure 3 seems
to be most likely where OH loses its rotational energy
through the I.-HO interaction.

The action spectrum for the photolysis wavelength
range of 233-263 nm was measured by probing one of
the rotational lines of OH. The quantum yield of the
reaction thus determined increases monotonously by
increasing the photon energy. They have suggested that
higher excess energy gives a more impact-induced de-
formation of CO,, resulting in a more stable HOCO
intermediate.

Scherer et al.24? reported a time-resolved investiga-
tion for this reaction in a picosecond time domain. The
photolysis laser was tuned over the range of 231-263
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nm, while a properly delayed monitor pulse detected
the rise of the Q,(1) and Q,(6) lines of OH. An analysis
of the temporal behavior led them to ascribe two time
constants, 7, and 7,4, to the rates of formation and decay,
respectively, of HOCO. When the complex is photo-
lyzed at 256 nm, 7, and 7, are 1.2 and 4.4 ps, respec-
tively, for the OH (K = 1) formation. As the photolysis
energy increases, 7, decreases from 5 ps to 1 ps, while
7, is not so sensitive to the energy variation.

Although they assumed the indirect process, their
assignment of 7, to the rise time of HOCO is suspect-
able since it was determined indirectly from the rise of
OH and is strongly dependent on the model employed
in the analysis. They have reported also that 7, is
shorter for the OH (K = 6) formation than for the OH
(K = 1) formation. This result is inconsistent with what
is expected in the RRKM model. They attributed the
difference to the effect of the angular momentum con-
straint. However, it is more likely that these results
suggest the process to proceed through a direct mech-
anism. One should withhold any discussion until direct
measurements of the rise time of the intermediate
species become possible.

4. HzS'COz
The reaction
H,S-CO; + hv (193 nm) — HS + OH + CO (13)

was investigated by Rice et al.? They have found that
the rotational distributions of OH (XI1, v” = 0 and v”
= 1) are extremely colder than those produced in the
corresponding bimolecular reaction. On the other hand,
the vibrational temperature of OH in the reactant-pair
reaction is only slightly colder than that in the bimo-
lecular reaction. The rotational distribution of OH in
reaction 13 is even colder than that in the reaction of
HBr-CO,.!* They ascribed the colder distribution in the
reactant-pair reaction to the energy partition into the
translational degrees of freedom between HS and
HOCO in the indirect process. "Moreover, in the
Hzg-COg complex whose equilibrium geometry is cycl-
ic, the hydrogen atom generated by the photodisso-
ciation of Hy,S may attack CO, from its side. This side
approach tends to increase the entrance channel barrier
to enhance the partition of energy into translation.
They tried to explain the colder rotational distribution
of OH in the H,S:CO, reaction than that in the HBr-
CO, reaction assuming a collinear attack of H to CO,
in HBr-CO,. However, a more quantitative analysis
seems to be required now in view of the recent result
of the nonlinear structure of HBr-CO, mentioned
above.®

5. DBr-OCS

Haeusler et al.?® examined the reaction of DBr-OCS:
DBr-OCS + hv (193 nm)
— 0OD(X?II) + CS(X!Z) + Br
— SD(X21) + CO(X!Z) + Br (14)
DBr was used instead of HBr, since SH could not be
observed by the LIF technique because of a fast pre-
dissociation in the excited electronic state.?5%
The heats of formation for the corresponding bimo-
lecular reactions are®
D + OCS — OD(X2M) + CS(X!3)
AH = 230 £ 13 kJ mol!
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D + OCS — SD(X?II) + CO(X!Z)
AH = -43 £ 13 kJ mol™!

Comparison of the reaction mechanisms for these two
channels is interesting because of a large difference in
AH value, although both channels are accessible ener-
getically: The deuterium atom generated from DBr by
the 193-nm irradiation, DBr + hy — D + Br(*P;,), has
the translational energy of about 238 kJ mol! (98% of
the available energy, 244 kJ mol™?).%

In the corresponding bimolecular reactions, the ro-
tational distribution of OD is statistical, while that of
SD is nonstatistical.?2 They have ascribed the former
result to the indirect mechanism with a long-lived in-
termediate for the OD + CS channel, while the ex-
tremely high excess energy in the SD + CO channel
makes it direct, the distribution being governed non-
statistically by the anisotropy of the reaction cross
section.

However, there is another mechanism which could
account for the observation: The deuterium atom
produced in the process, DBr + Ay (193 nm) — D +
Br(?Py 5), has the translational energy of 201 kJ mol™
(98% of the available energy, 206 kJ mol™),2 for which
the OD + CS channel can hardly occur. The contri-
bution of the Br(*Py,5) channel which leads exclusively
to the SD productxon could make its rotational distri-
bution nonstatistical.

The observation of the reaction under the reactant-
pair condition was reported to be very difficult because
of the subreactions such as the formation of DyS in a
nozzle. LIF spectra of SD could not be measured at all.
Only the rotational distribution of OD was measured
for the R,, branch with a poor SN ratio, showing a
statistical rotational distribution corresponding to the
indirect mechanism.

6. HI‘NzO

Ohoyama et al.*2 measured the rotational distribution
of OH generated from HI-N,O by the 266-nm laser ir-
radiation (see reaction 3). Boltzmann plots of the ex-
perimental results for the R,; branch are shown in
Figure 8. Rotational distribution observed for the
reactant-pair reaction is a superposition of three
Boltzmann distributions characterized by the rotational
temperatures of 120, 1500, and 4000 K. On the other
hand, the OH rotational distribution obtained in the
bimolecular reaction is characterized by two Boltzmann
distributions with the rotational temperatures of 120
and 4000 K. Relative abundance of these distributions
is strongly dependent on the stagnation pressure. It
seems to converge to a specific value upon increasing
the stagnation pressure, while it approaches to the value
in the bimolecular reaction upon lowering the stagna-
tion pressure.

A theoretical study by Marshall et al.”” for the reac-
tion, H + N,O — OH + N,, has predicted two paths to
which the plural Boltzmann distributions may be as-
cribed; namely, the hydrogen atom attacks the terminal
nitrogen or oxygen of NyO (Figure 2). These channels
correspond to two isomers of HI:-N,O mentioned in
section II.LA. The complex generated with low stagna-
tion pressures is not so cold that the constituents can
rotate freely to isomerize between two geometries. The
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Figure 8. Boltzmann plot for the R-branch rotational distribution
of OH obtained in the reaction N,O + HI under the bimolecular
(bulk) and reactant—pair conditions.3 The results obtained with
three different stagnation pressures are shown for the reactant-
pair experiment. Each distribution is normalized separately at
zero rotational energy.

rotational distribution of OH then approaches the bi-
molecular result since the hydrogen atom generated
from HI attacks N,O in almost arbitrary directions. On
the other hand, with high stagnation pressures, the
complex is frozen into either of the two conformers
shown in Figure 1. The relative abundance of the
conformers is determined by their thermodynamic
stability and the transient dynamics during the freezing.

From the analysis of the plural Boltzmann distribu-
tions, Ohoyama et al.*2 have assigned the 4000 and 120
K distributions to the N-isomer and O-isomer channels,
respectively. Although this assignment accounts for
various experimental results and is consistent with the
existence of two isomers for HF-N,0,5-"6 the interme-
diate distribution of 1500 K remains unassigned. If it
is assumed to arise from the N isomer, the ratio of the
integrated populations due to the N channel, [OH]y,
and to the O channel, [OH], is estimated as [OH]o/
[OH]y = 0.9 at the stagnation pressure of 2.5 atm, while
it decreases down to [OH]q/[OH]y = 0.11 for the bi-
molecular case as the stagnation pressure decreases.
Providing that the ratio of the reaction cross sections
for two channels, oy/ 00, is common for the bimolecular
and reactant-pair reactions, the relative abundance of
the O isomer to the N isomer is estimated as [0]/[N]
= 8.0 for the stagnation pressure of 2.5 atm, on the basis
of the assumption that both isomers are equally exis-
tent, [0]/[N] = 1.0, at the low stagnation pressure limit.

On the other hand, if one assumes that the 1500 K
distribution arises from the O isomer,*?* [OH],/[OH]y
for the stagnation pressure of 2.5 atm is estimated to
be 1.7, and the corresponding ratio [0]/[N] = 15 is
obtained. Although the assignment of the 1500 K
component is not definitive, Ohoyama et al.32® have
later concluded that it should be due to the O-isomer
channel, since the stagnation pressure dependence of
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the 1500 K component is similar to that of the 120 K
component. The origin of this distribution is, however,
still open to question.

They have also determined the ratio of population
A’/A” of A-doublet, which is nearly 1 for the reac-
tant-pair reaction but is higher (2-2.5) in the bimole-
cular reaction. The strong preference of the A’ state
formation has been ascribed to the dominant N-channel
in the bimolecular reaction, where the cyclic activated
complex™ prefers the formation of OH with its unpaired
electron in the plane of molecular rotation of OH (see
Figure 4).

The ratio of population in the OH rotational states
F,/F; was also determined. The ratio is near unity
except for low rotational quantum numbers (K), where
it increases up to 4 at K = 1. Although the mechanism
is not clear enough, the I--HO interaction is presumably
effective in the direct O-channel prevailing at lower
rotational states. The excess energy for the I(*P, )
channel of the 266-nm dissociation of HI is almost time
same as the potential barrier calculated for H + N,O
— OH + N, so that the I(?P,/,) channel would exclu-
sively effective in this reaction. The preference of F,
at lower K values may be explained on this basis to-
gether with the angular momentum conservation.
However, they reported also a similar preference of F,
at lower K even in the bimolecular reaction, which
cannot be accounted for by the above-mentioned
scheme.

7. HBI"NZO

Hoffmann et al.?%%! reported the following reactions
Of HBI"NZO:

HBr-N,O + hv (193 nm)
2, OH(X?M) + Ny(X'Z) + Br
2. OH(A?Z) + N,(X'Z) + Br
2 NH(X®D) + NO(X?I) + Br (1)

The heats of formation for the corresponding bimo-
lecular reactions are3%3!

H + N,O0 — OH(X?I) + N,(X!'Z) AH =

-263 kJ mol™!
— OH(A%Z) + Ny(X!Z) AH =
128 kJ mol?!
— NH(X3Z) + NO(X?Il) AH =
134 kJ mol?!

They measured, for both of the reactant-pair and
bimolecular reactions, the vibrational and rotational
distributions of nascent OH(X?II), OH(A2Z), and NH-
(X3Z) by the LIF technique [OH(X2II) and NH(X3Z)]
and by measuring emission spectra [OH(A2Z)]. Fol-
lowing three findings were reported: (i) In the bimo-
lecular reaction, the emission of OH(A2Z) is so intense
that the LIF spectra of OH(X?2II) cannot be measured.
On the other hand, the OH(A%Z) emission is hardly
observed under the reactant-pair condition. (ii) NH-
(X3%) is observed in both reactions. The rotational
distribution of NH produced in the reactant-pair re-
action is found to be slightly colder than that produced
in the bimolecular reaction. (iii) The ratio ky/k; ~ 0.5
is obtained in the reactant-pair reaction from the LIF
signal intensities of OH(X?II) and NH(X3Z).
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Possible reasons for the lack of the emission of OH-
(A2Z) under the reactant-pair condition were discussed
on the basis of (a) a restricted geometry of the complex
which is unfavorable for the OH(A2Z) channel (the
direct mechanism), (b) quenching of OH(A2Z) by Br in
the direct mechanism, and (c) the loss of excess energy
into the translational degree of freedom between Br and
H--N,O (the indirect mechanism). The last reason was
thought also to cause the colder distribution of NH-
(X3%) under the reactant-pair condition. In relation to
b, they have also postulated the quenching by N..
However, the quenching by N,, which must be equally
effective in the bimolecular reaction, is unlikely to cause
the difference.

The ratio k3/k; = 0.5 under the reactant-pair con-
dition seems to be extremely large in view of their AH
values. Hoffmann et al.3%3! have explained the result
assuming that two isomers, BrH-NNO and NNO-HBr,
exist on the analogy of HF-N,0,%7 and that the former
is more stable and more abundant. Most of the reac-
tions occur from the former isomer. They have also
assumed a loose exit channel of the intermediate
HNNO to the transition state for the NH + NO pro-
duction, while the exit channel from HNNO to OH +
N, is narrow. The loose channel for the former would
give a large integrated cross section and the rate would
be higher if the system has sufficient excess energy to
overcome AH, It is reasonable to assume a narrower
channel for the latter, where the activated complex is
considered to be cyclic.”? However, their assumption
of more stable N isomer in the reactant-pair case is in
contrast to the result obtained for HI-N,O discussed
above.®? Unfortunately, the HI:-N,O system was studied
at 266 nm with no excess energy available for the NH
formation. It is desirable to investigate both systems
with the same excess energy to clarify this point further.

8. Miscellaneous

Sivakumar et al.3¥% reported the photodissociation
of OCS clusters (OCS), (n = 2-8) in the 222-248-nm
region. They observed formation of S, and measured
the rotational distribution of CO with a VUV laser.
However, they neither specified the cluster size nor
discussed the mechanism from the viewpoint of the
initial state defined reaction.

I11. Reactions Initiated by Photoexcitation to
Bound States

A. General Conslderations
1. Reaction Scheme

This type of reactions may be written generally as
ABC + hv — A*BC —~ AB + C (16)

where A may be either a molecule or an atom, although,
in the previously reported works, A is confined almost
exclusively to atomic species. A* represents the species
in its bound excited state. The corresponding bimole-
cular reaction is

A+ hy— A*
A*+ BC— AB+C an

where A* is assumed to have a sufficiently long lifetime
to collide with BC.
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The product AB may be in either the ground or the
electronically excited state. The former can be probed
by the LIF technique, while the latter can be probed
by measuring a chemiluminescence spectrum. In both
cases, the vibrational and rotational state distributions
of the product can be determined by analyzing the
spectra. Action spectra can also be measured by scan-
ning the pumping light while the product chemilu-
minescence or LIF is monitored at a fixed wavelength.
In contrast to the excitation to dissociative states, it is
possible to vary the excitation energy only discretely
corresponding to the bound excited states of A.

A characteristic feature of this type of reactant-pair
reactions is that it is possible to excite more than one
state selectively, which leads to different reaction
channels. The excited states are often characterized by
the orientation of a p electron in A with respect to the
molecular field provided by BC. The reaction cross
section and internal energy distribution of the product
have been discussed on the basis of this anisotropy of
the initially prepared states. On the other hand, the
relative orientation is distributed randomly in the case
of bimolecular reaction 17 and cannot be studied se-
lectively (see, however, the polarization-selected bimo-
lecular reaction discussed in section II1.C.3).

In most of the reactions studied so far, atoms like Hg,
alkali earths and rare gases have been used as A.
Among them, the most extensively studied are the Hg
complexes, the corresponding bimolecular reactions of
which are the mercury-photosensitized reactions.®%
The rare-gas complexes have been studied in relation
to the mechanism of excimer formation.%-10!

2. Electronic Structures and Their Correlation

It seems to be relevant here to characterize the nature
of excited states of the complexes and their correlation
to the states of separated A and BC. Figure 9 shows
a schematic correlation diagram between the free-atom
states in the (ns)!(np)! electron configuration and those
in the complex with a closed shell molecule under the
C., symmetry. To the left are shown the excited
electronic states in the free atom with the Russel-
Saunders coupling. To the right are shown the states
under the symmetry of C., without spin-orbit (SO)
interaction. Immediately to the left of the C., states
are shown the states split due to a weak SO interaction.
To the immediate right of the free-atom states are
shown the atomic states perturbed weakly by the C.,
field with corresponding atomic terms. Conventional
state designations are also indicated, where A and B are
used for °P} and °P}, respectively, which are strongly
allowed due to the SO mixing with the !P, states, while
3P is designated as & since it is only indirectly mixed
with 'P,. In the middle, their correlation is shown,
where broken lines indicate the existence of interaction.
Numbers in the middle indicate a correspondence with
the designations in Hund’s case ¢ which have sometimes
been used in the literature.4””®

It is to be noted that, while the 3P{-°I1, state has a
pure II character irrespective of the extent of atom-C.,
mixing, the 3P}-?I1, state has a pure II character only
at the limit of strong C,, field. Asthe C., field becomes
weaker, it mixes with a 3Z* state as indicated by a
broken line and, at the atom limit, the *P} state has a
character of a 1:1 mixture of £ and II. No complication
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Figure 9. Schematic correlation diagram of the spin—orbit states
in a free atom in the (ns)!(np)! electron configuration with those
in a C,,, potential due to the complex formation with a closed-shell
molecule: (from left to right) free-atomic states with the SO
interaction, atomic states split due to a weak C., field, C.., states
split due to the SO interaction and C,, states without the SO
interaction. In the middle are indicated their correlation and the
Hund’s case ¢ designations.

arises for the singlet states. The !P} and P} states
correlate with 1Z* and I, respectively, independent of
the strength of the C., field.

We have assumed a repulsive C.., potential in Figure
9, which is the case for most of the known complexes.
If it is attractive, the order of the °II and 3Z* levels will
be reversed and P} will be correlated with 3Z*, while
3P? remains correlated with 3I1,,.

This type of correlation has been confirmed experi-
mentally for the Hg-H, complex discussed later®*” and
several Hg-(rare gas) complexes.!92110 Although the
latter complexes themselves do not undergo any reac-
tion, satellite bands are observed in their LIF spectra
on both sides of the Hg(6°P,) «+— Hg(6'S,) atomic line.
One is the A%l state (°P-2I1,) appearing in the longer
wavelength region of the Hg atomic line and the other
is the BT state (°P1-*II,, II + = character) in the
shorter-wavelength side.

There are two possible ways to accomplish the se-
lection of electron orientation. In the bimolecular re-
action, one may use an atomic beam which collides with
the target molecules.!3* If one defines the principal
(2) axis in the direction of the atomic beam, one could
selectively excite the 'P{ and !P} states (Figure 9),
which are energetically degenerate in a free atom, by
lights polarized parallel and perpendicular to the z axis,
respectively. If the excited atom collides with the target
molecule retaining a C., geometry, the correlation in
Figure 9 shows that the parallel and perpendicular ex-
citations create the excited states of symmetry
Z('P9-12+) and I('P}-11), respectively, corresponding
to the p electron orientations in the C., field.

Since the SO interaction in heavy atoms correlates
1P? with 3P{ and !P} with 3P}, one can also select 3P{
and 3P} by exciting them in a free atom with lights
polarized parallel and perpendicular, respectively, to the
atomic beam direction. In this case, the parallel and
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X'S,

Hg < H, HgH +H

Figure 10. Schematic correlation diagram between Hg-H, and
HgH + H under the C,, symmetry. State designations for HgH
+ H are those for the HgH molecule.”® Hund’s case c notations
are also shown in the middle. Broken curves indicate the avoided
crossing under the reduced symmetry of C, or Cy. Only the
correlations between Hg-H, and HgH + H are shown. Relative
position between the left and right level systems has no signifi-
cance.

perpendicular excitations lead to the *P1-*I1,(Z + II)
and *P$-3I1,(I1) states, respectively.

The other way of selecting orientation is to excite the
states in the complex, where the optically accessible
states split into 3P{-%I1, and 3P}-*I1,, which can be se-
lected by changing the excitation wavelength. Usually
these allowed transitions appear separately around the
atomic line (°P, + !S;) so that one could select the
3P9-311, state (pure II character) or *P}-°II, (£ + I
character) states in the C,, complex. One could also
selectively excite the 'P{-1=* and !P]-'II surfaces, the
transitions to which split around the atomic line (*P,
<« 18,). In this case, one can select a state with a pure
T or II character.

Figure 10 shows a schematic correlation for the re-
action Hg-H, — HgH + H. The states at the left of the
figure are those for Hg-H, corresponding to the atom
+ C,, case in Figure 9. The levels at the right are for
HgH + H with the state designations for HgH. For
example, the ground state corresponds to the doubly
degenerate HgH(X2Z*) which gives rise to four degen-
erate states in the HgH + H system. In the middle,
their correlation is indicated together with the SO-based
notations (Hund’s case c). It is to be noted that the &
and B states of Hg-H, have a = + II character, corre-
lating to X2Z* of HgH + H, while the A state has a pure
I1 character which correlates to A,%I1, , of HgH. The
B(1) and A(0*) surfaces therefore cross each other under
the C., symmetry. However, the symmetry reduction
during the course of reaction due to a rotation of H,
with respect to Hg may give the minimum energy path.
A trajectory calculation based on the ab initio potential
surface for the Hg + H, system*” has indicated that the
excitation of the A®PY surface in Figure 10 leads to the
rotation of Hj to form the C, geometry, where the A(0%)
and B(1) surfaces give rise to an avoided crossing (as
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Ca"1PI+HCITIPT")

Ca’t25 1+ HCITI2")

T "‘i'b

Bty \‘\\\

B L I e e S\ 4GB 1+ HI?S)

AP CaClIAM 1 +HI?S
Kc.cux’r'nm*s:

CaCi+H

Figure 11. Schematic potential surfaces for Ca + HCI (left half)
and CaCl + H (right half). The C., symmetry is assumed to be
retained throughout. The T and II surfaces correlating the left
half to the right half are indicated by broken lines, which cross
each other at point P. The crossing would be avoided if the
symmetry is reduced to C, or Cy,. Surfaces due to Ca(*D) and
Ca*(*D) are not shown since they are not important for the present
discussion (see text),

Ce’Pi+HCII'EY

Cal’S1+HCIVL™!

HCi +Cae

indicated by broken curves in Figure 10). The complex
excited to A then dissociates into HgH + H (see section
I1.C.1).

3. The Harpooning Mechanism

Another characteristic mode of reaction is illustrated
in Figure 11. These schematic potential energy sur-
faces show the mode of approach of Ca to HCI keeping
the C,, symmetry. In the left half of the figure are
shown the Ca + HCl surfaces while the right half shows
the CaCl + H surfaces. In the left half, the Ca('P) +
HCI(!Z*) surface splits into A(IT) and B(Z) on mutual
approach. The situation is the same as the splitting of
the !P, state into !II and !=* in Figure 9. A charac-
teristic feature in Figure 11 is the incorporation of
relatively stable charge-transfer (CT) states in which
one of the valence electrons of Ca(sp) is transferred to
HCI to form HCI-(3Z*). These CT surfaces are more
stable for shorter bond distances and would cross the
repulsive neutral surfaces at some distances. Among
the two surfaces, Ca*(?S) + HCI" and Ca*(*P) + HCI',
the former crosses the B surface at a larger distance
since it contains the process Ca(sp) — Ca*(s) + e which
occurs at lower energy than Ca(sp) — Ca*(p) + e. The
Ca*(?S) + HCI surface has a T symmetry and interacts
only with the B neutral surface. On the other hand, the
Ca*(?P) + HCI" surface splits into = and II which in-
teract with B and A, respectively, as indicated by filled
circles. Correlation between the left and right levels are
indicated by broken lines, where the CT(Z) surface
correlates with CaCl(B) + H and the CT(II) surface
correlates with CaCl(A) + H under the C., symmetry.
If a symmetry reduction (say, C., — C,) occurs during
the reaction, two surfaces indicated by the broken lines
would mix each other at the crossing point P and the
I1/Z selectivity would be lost.

The Ca + HCI system gives the Ca(!D) + HCI(!Z*)
and Ca*(®D) + HCI(2Z*) states in addition to those
shown in Figure 11. The former locates slightly lower
than the Ca('P) + HCI(*Z*) surface and the latter io-
cates in the middle of the Ca*(®S) + HCI"(®=*) and
Ca*(?P) + HCI"(2Z*) surfaces. Both are ignored in the
figure for the sake of clarity since they are not impor-
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tant for the present discussion. The Ca*(*D) +
HCI (22*) surface splits into Z, I, and A surfaces on
mutual approach of Ca* and HCI" and the former two
could interact with the neutral Z and II surfaces, re-
spectively. However, their interactions are governed by
a two-electron repulsion such as (3d4p|ds¢*), where ¢*
is the antibonding molecular orbital of HCI", which
should be much smaller than those in the case of the
mixing of the Ca*(®S) + HCI(2Z*) or Ca*(*P) +
HCI7(2Z*) surfaces with the neutrals, where the inter-
action is governed by the one-electron integral of the
type of (4p|¢*) or (4s|¢*).

In the case of bimolecular reaction, if one selects
either of the A or B surfaces with polarized excitation,
the system would slip into the corresponding CT sur-
faces on mutual approach which are correlated with the
CaCl + H surfaces in the right panel.'®4 In particular,
the CT(Z) surface crosses B at a considerably long
distance and correlates with the CaCl(B2Z+) + H(2S)
surface without activation barrier. In terms of a clas-
sical model, a charge transfer occurs at a considerably
long intermolecular distance and the formation of CaCl
+ H is promoted through the strong attractive force
between Ca* and HCI". It is known as the “harpooning”
mechanism!!}112 in which the transferred electron acts
as a harpoon to draw the “whale” HCI toward Ca. As
a result of a long “shooting range”, the reaction could
have an extraordinarily large cross section.

Similar to the systems shown in section III.A.2, the
photoexcitation of the complex such as Ca-HCI could
produce the A and B states selectively, which would
allow us to study the channel selectivity depending on
the p electron orientation in two states. A similar se-
lection of the split components is possible also for the
states arising from atomic °P, states, as discussed below
for Hg:Cl,. Unfortunately, only one of the split com-
ponents has so far been observed in both cases (see
sections III.C.3 and III.C.4).

4. Additional Remarks

In some examples discussed below, vibrational
structures due to the intermolecular stretching and
bending motions have been observed in the excitation
and/or action spectra. Excitation of the intermolecular
vibration seems to be interesting in view of its role in
varying the intramolecular “collision” parameters.

The photoexcited complex, A*.BC, in reaction 16 has
often been considered to be identical with the collision
complex in reaction 17. Photopreparation of A*BC is
then considered to be a precious technique to access the
intermediate state of the bimolecular reaction and to
study the latter half of reaction 17. It must be noted,
however, that reaction 17 does not necessarily proceed
via A*.BC: One should be careful in applying this kind
of comparison between reactions 16 and 17. The re-
actions of complexes of this type, as well as those dis-
cussed in section II, should be studied from the view-
point of their own characteristics, and should not be
treated only as the special limiting case of bimolecular
reactions.

B. Experimental Aspects

The apparatus used is more or less similar to the one
described in section ILF. The only characteristic fea-
ture here is the method to obtain sufficient vapor
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TABLE III. Reactions Initiated by Photoexcitation to
Bound States

reactant  excited state
Hg'012 Hg(apl)-Cl,
Hg-H, Hg(aPl)-H2
XeCl, Xe(*P).Cl,

products ref
HgCl(B) + Cl 37-39
HgHX) + H 39-47
XeCI(B,C) + C1  39,48-50

Xe-Br, Xe(*P)-Br, XeBr(B) + Br 50,51
Ca-HCl Ca('P)-HCI] CaCl(AB) + H 42,52,53
HgN,  HgCP)N,  HglP)+N,  4554-58
Hg-CH, Hg(®P,)-CH, Hg(*P,) + CH, 56,59
Hg-C,H, Hg(P).C;H, Hg(P,) + C;Hy 56
HgCO  Hg(P)CO  HglP)+CO 56
Hg-NH, Hg(°P,)-NH,4 Hg(®P,) + NH; 60,61

pressure of metals such as Hg and Ca, which is very low
at the room temperature. A pair of heated source and
nozzle (100-120 °C) has been used for the production
of Hg vapor,*8 while the laser vaporization techni-
que*s112 has been applied to Ca.

C. Individual Reactlons

The systems reviewed here are summarized in Table
III. In the following discussion on individual systems,
Hg-H, behaves according to reaction 16, while the Hg
complexes with other smaller molecules such as Ny, CO,
CH,, and NH; show only a simple dissociation into the
components. However, the intramultiplet relaxation
between the SO components, Hg(6°P,) — Hg(6°P,), has
been observed in addition to the channel producing
Hg(6'S;) and discussed in relation to the excitation-
mode selectivity. Since this process has a close relation
to the topics being reviewed here, we shall add a brief
discussion on this type of systems in section III.C.2.
The Hg-Cl,, Ca-HCI, Xe-Cl,, and related systems have
been known to react following the harpooning mecha-
nism discussed above.

1. HgH,

The reaction of this complex was investigated by
Jouvet et al.**#2 and Breckenridge et al.®** The optical
excitation at a frequency near the atomic transition 6°P,
« 6!1S, of Hg (~250 nm) gives HgH(X2Z*) as

Hg(GISO)‘HZ + hV - Hg(63P1)-H2 -
HgH(X2Z*) + H (18)

The product can be detected by the LIF technique
using the HgH (A < X) transition. The most impor-
tant finding for this reaction is that, as shown in Figure
12b, the action spectrum, measured by varying the
pump wavelength (hv) and monitoring the LIF intensity
of a particular vibronic band in the HgH (A « X)
transition, is different for the excitation of the A and
B states of Hg-H, (see Figure 10), where A and B states
are often designated in the literature by °II and 3Z,
respectively.

The action spectrum in the A region shows a fea-
tureless broad band spreading over 50 cm™1. The life-
time has been estimated to be less than 0.1 ps, assuming
that the bandwidth is due to the reactive decay. On the
other hand, in the B region at shorter wavelength than
the atomic line, two bands are observed, which have
been assigned to the 0 < 0 and 1 < 0 bands of the
intermolecular stretching mode of Hg-H,. On the basis
of the bandwidth and of the experimental result that
no fluorescence is observed for Hg-H, itself, the lifetime
of Hg-H,(B) due to the dissociation to HgH + H has
been estimated to lie between 2 ps and 1 ns. Both of
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Figure 12. Fluorescence excitation spectrum (a) and action
spectrum (b) of Hg-Hy.® Action spectrum was obtained by de-
tecting the probe-laser-induced fluorescence of HgH.

the rotational distributions of HgH (v = 0) produced
by exciting Hg-Hy(A) and Hg-H,(B) are sharply peaked
at N = 19. The latter has, however, an additional
distribution at lower N.

In the LIF spectrum of Hg-H,, only a broad struc-
tureless band is observed in the shorter wavelength
region®4 (Figure 12a). This is not due to the emission
of Hg-H, but is due to the 3P, — 1S, emission of the
Hg(®P,) atom generated by the dissociation of the
complex at excitation energies exceeding the dissocia-
tion limit in the excited electronic state. The observed
spectrum is therefore considered to be the Hg(°P,) ac-
tion spectrum.

These experimental results would provide an op-
portunity to study the orbitally selective photochem-
istry. The ground-state potential surface for Hg + H,
is repulsive except for the weak van der Waals attrac-
tion.4” Similar repulsive potentials have also been
suggested for some other metal-H, complexes.!*17 The
magnitude of the observed splitting between the A and
B states is similar to that in the Hg-(rare gas) com-
plexes.1%-110 The interaction between Hg and H, is,
therefore, not so strong and should correspond to the

“atom + C.,” cage in Figure 9. One of the optically
accessible states A corresponds to Hg(®P9) with a pure
II character in linear Hg-H,, whereas B corresponds to
Hg(®°P}) with a strongly mixed £ + II character.

The experimental results indicate that Hg-H, in the
A state reacts very efﬁcxently to form HgH + H. Figure
10 shows that A(3PY) is correlated not to HgH(X) +
H(?S) but to the HgH(A,) + H(%S) surface. However,
as discussed in section III.A.2, surfaces A-A,(0%) and
B-X(1), which do not mix each other under the exact
Coy symmetry, interact with each other to give an
avoided crossing if the symmetry is reduced slightly into
C, or Cy, as indicated by broken curves in Figure 10.
The A(PY) surface can then be correlated to the
ground-state HeH(X) + H(2S). The trajectory calcu-
lation has indicated that the reaction through the C,
symmetry is such that the Hg atom intervenes the H-H
bond.#” No activation barrier exists for this process,
accounting for the rapid dissociation observed for the
A excitation. Moreover, a calculation taking account
of the angular momentum conservation has shown that
the rotational distribution of HgH should be peaked at
N =19, in exact agreement with experiments.4’
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The B(®P}) state is strictly degenerate under the C.,
symmetry not only for Hg-H, but also for HgH + H and
is correlated to the ground state HgH(X) + H(%S). The
trajectory calculation has shown that the B state also
has a channel which avoids a barrier by taking a C, or
C,, geometry. In this geometry, a nonadiabatic tran-
sition from the B(P))-A, surface to the A(*P$)-X
surface occurs near the crossing point in Figure 10, after
which the trajectory will be the same as that for the A
excitation. This explains the observation that the main
rotational distribution of HgH(X) is the same for the
A excitation as for the B excitation. The calculation
has shown that there is an additional reaction path
which retains the C,, symmetry. It has a low activation
barrier which could be overcome by the tunneling effect
of H. This may account for the additional low-tem-
perature rotational distribution of HgH(X) observed in
the B « X excitation, since the reaction retaining the
C., symmetry would cause little rotational excitation.

Several reaction channels leading to the production
of Hg(6°P,) + H,, Hg(6!S,) + H,, and Hg(6!S,) + H +
H are expected in addition to the production of HgH
+ H. The latter two are dark channels and have not
been studied. The production of Hg(6°P,) + H, is the
dissociation accompanied by a intramultiplet relaxation
between the SO components. A trial to detect Hg(6°P,)
in the dissociation of Hg(6°P,)-H, by observing the
Hg(7°P,) — Hg(6°P,) emission induced by the Hg(7°P,)
+— Hg(6°P,) excitation was unsuccessful.#> Branching
into this dissociation process was found to be smaller
by at least 3 orders of magnitude than that into the
dissociation to HgH + H.

2. Dissociation Accompanied by Intramultiplet
Relaxation

When complexes Hg-X, where X is a small molecule
such as N, and NHj, are excited to the A or B state,
correlated to 6P, of Hg, both of the radiative decay to
the ground state and the dissociation into Hg(6°P,) +
X are observed:

Hg(6°P,)-X — Hg(6'Sy)-X + hv (19)
Hg(6°P,)-X — Hg(6°P,) + X (20)

The former can be probed by the fluorescence or LIF
measurements, while the latter is a dissociation into the
constituents accompanied by an intramultiplet relaxa-
tion between the SO components of Hg, which can be
probed by the Hg(6°P,) action spectra. Since Hg(6°P,)
is not fluorescent, it has been probed by the Hg(7°P,)
— Hg(6°P,) fluorescence induced by the Hg(7°P,) «
Hg(6°P,) excitation.

According to the theoretical treatment by Jouvet and
Beswick, the anisotropy of the atom-diatom inter-
molecular interactions opens a route for predissociation
accompanied by an intramultiplet relaxation, which is
forbidden in the atom-atom cases.

Several complexes containing Hg have been studied
experimentally. In both of LIF and action spectra of
Hg-N,4555-%8 and Hg.CH,,5%% the A «— X and B «— X
transitions are observed Both transitions consist of
progressions due to the intermolecular stretching and
bending vibrations. The widths of the bands have been
ascribed to rotational contours. Among the vibrational
progressions in the A state region of the Hg(6°P,) action
spectra of Hg:N, and Hg-CH,, the bands due to the
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intermolecular bending mode are dominant, while the
LIF spectra show structures due to the stretching vi-
bration. The fluorescence lifetime becomes shorter as
the complex is excited to higher rotational states in a
vibrational band.

The mode dependence has been discussed on the
basis of a group theoretical consideration.’ Under the
assumption of C,, equilibrium geometry, the 3P, atom-
ic level splits into A(A,), and B(°B, and BZ), while P,
becomes &(°A,). An A,-type perturbation is required
to induce a nonradiative transition between the A%A,
and %A, states. Such perturbations can be given (i) by
the rotation of the whole system about the principal
axis, and (ii) by the combination of the bending vibra-
tion (b,) and the rotation of the whole system about the
axis perpendicular to the principal axis (by). Although
Hg-N, and Hg-CH, may be in the C., and C;, configu-
rations, respectively, almost the same discussion is valid;
the bending motion coupled with rotation has been
predicted to be effective in the nonradiative transition
between the A and & states, in_good agreement with
observations. In contrast to the A state, the B state was
considered to be unable to interact with the & state
directly because of a large energy separation. The
two-step process via the A state has been postulated for
the B — & relaxation.%

In the above-mentioned discussions, the geometry of
the complex has been assumed not to change during the
relaxation process. It has been pointed out,%® however,
that the equilibrium geometries of Hg:N; in the X and
A states are T-shaped and linear, respectively (the
equilibrium geometry is not known for the & state). The
relaxation mechanism should be discussed, taking ac-
count of the geometry change.

The excited-state dependence of the branching ratio
has been observed more clearly for Hg-NH;, whose ex-
cited_electronic state has a character of excimer.8%6!
The B state is nonfluorescent and the predissociation
to Hg(6°P,) + NHj is observed exclusively. The rate
of the predissociation should be faster than the radia-
tive decay, but slow enough for the structure to be ob-
served in the action spectra. On the other hand, when
the complex is excited to a member of the intermole-
cular stretching progression in the A < X band, the
radiative decay predominates while the Hg(6°P,) for-
mation provides only a minor deactivation route. The
bending mode excitation in the A state leads again to
only the predissociation to Hg(6°P,) + NHs.

It has been proposed that the selectivity is deter-
mined by the presence of angular momentum along the
complex axis, which would enhance the P,—*P; cou-
pling.8! Since the A state belongs to A, under the Cj,

symmetry of Hg:NHj, no angular momentum is ex-
pected for the intermolecular stretching mode which is
of a, symmetry, whereas the bending motion, which is
of e symmetry, should contribute vibrational angular
momentum to the A state. On the other hand, the B
state is of E symmetry, which has an electronic angular
momentum along the complex axis. Although the
reason has not been given clearly why the existence of
angular momentum is effective in the coupling, it seems
to be evident that this angular momentum coupled with
rotational angular momentum gives rise to a nonvan-
ishing matrix element for the 3P,—*P, coupling. In this
sense, this model seems to be not inconsistent with
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those based on purely group theoretical considerations
discussed above.

Two anomalously weak bands (tentatively assigned
to v’ = 21 and 23) are observed in the stretching pro-
gression in the A-state LIF spectrum. The fluorescence
lifetime for the bands is less than 30 ns, which is much
shorter than 200 ns observed for the other bands. In
the action spectra, these two bands are intense com-
pared with the other bands. It has been concluded that
the predissociation to Hg(6°P,) + NHj is enhanced for
these bands by an accidental level crossing with rovi-
bronic levels in the & state.!

The LIF and action spectra of Hg-C,H; are different
from those of Hg-CH,.5 In the A « X region, the LIF
spectrum exhibits a diffuse spectral feature, while the
action spectrum for Hg(6°P,) shows a vibrational pro-
gression with a spacing of about 80 cm™ in addition to
a broad background. In the B «<— X region, an intense
diffuse band whose width is 12 cm™ with an underlying
broad band is observed in both of the LIF and action
spectra. The similarity between the LIF and action
spectra in the B < X region indicates weak wavelength
dependence of the quantum yield for the Hg(°P,) pro-
duction. Existence of conformational isomers were
considered to be responsible, at least partly, for the
broad bands and spectral congestion. Dissociation of
the A and B states Of Hg(sapl)‘CZHe to Hg(63P0) + CZHG
with high efficiency was postulated on the basis of their
short fluorescence lifetime (less than 1 ns). This view
is consistent with the effective quenching of Hg(6°P,)
to Hg(6°P,) and Hg(6'S,) by C;H¢ observed in a static
gas experiment.!18

In the static gas phase, the electronic relaxations, 6°P,
— 6°P, and 6°P, — 6!S,, of Hg induced by the collision
with CO occur with nearly the same efficiency.!!®!!® In
the A < X region of Hg-CO, the LIF and action spectra
show a diffuse band.?* In the B « X region, the LIF
spectrum exhibits another diffuse band, while the
corresponding band has not been observed in the action
spectrum. The diffuse bands were attributed to the
trangitions between the strongly bound excited states
(A, B, and &) and the almost repulsive ground state.
The intensities in the LIF and action spectra of Hg-CO
are very low, lower than those of Hg-N, by a factor of
10, suggesting additional quenching processes such as
the nonradiative deactivation to the ground state of the
complex.

3. Ca-HC/

In the bimolecular reaction of electronically excited
Ca with HC], two chemiluminescence bands due to the
A — X and B — X transitions of CaCl are observed.
Ca(lP),13!4 Ca(%P),120:121 gnd Ca(!D)12-12 have been used
as the optically prepared excited atoms. Among them,
Ca(!P) reacts with HC1 as follows:

Ca(!S;) + hv (422.6 nm) — Ca(*P,)
Ca('P,) + HCI — CaCl(A2I1, B2Z*) + H

CaCl(AZ1, B?Z*) — CaCl(X2z*) + hv (~600 nm)
(21)

Effect of polarized excitation of Ca was investigated
under a beam-gas condition by Rettner and Zare,!31*
who used the excitation polarized parallel or perpen-
dicular to the Ca beam axis to select the !P{ or !P}
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excited state of Ca, respectively (see Figure 11 and
discussion in section II1.A.3). Upon mutual approach
of Ca and HCI, 'P{ and P} split into B(Z) and A(II).
The production of CaCl(A?II) is enhanced when the A
surface is selected by polarization perpendicular to the
beam direction, while the production of CaCl(B2Z*) is
favored by the parallel approach along the B surface.
Thus the branching into the CaCl(A?I1) and CaCl(B%Z*)
states depends strongly on the direction of approach to
the unpaired electron in a 4p atomic orbital of Ca. On
the basis of the harpooning mechanism (Figure 11), the
B surface crosses CT(Z) at the very beginning of the
entrance channel, corresponding to a large cross section
(~27 A?). The system then moves on the CT(Z) surface
which is correlated with CaCl(B2Z*). The system se-
lectively excited to A meets the crossing with CT(II)
at shorter distance and moves on the CT'(IT) surface to
form CaCl(AZ1).

The photoinitiated reaction of Ca-HCI reported by
Jouvet et al.#? and Visticot et al.5? is their chemilu-

Ca-HCl + hy — Ca-HCI(A,B) —
CaCl(A211, B23*) + H (22)

minescence spectra obtained by exciting near the res-
onance line of Ca (430 nm) show two bands corre-
sponding to the A — X and B — X transitions of CaCl,
similarly to the beam-gas experiment. In a later study,
a structured action spectrum was obtained by detecting
chemiluminescence from the A state of CaCl, which
might be due to the A and B excitation of Ca-HC1.5

However, both of the CaCl(A) and CaCl(B) chemi-
luminescences were observed again by exciting Ca-HCl
at 23750 cm™, which corresponds to the peak of the
A-state action spectrum.® This observation shows that
both of the A and B states of CaCl are produced from
a common excited state of Ca-HCl. Although the dis-
cussion given in the literature*#5? is not clear, the most
probable candidate for the “common” origin is the di-
rect excitation of the CT surface, Ca*(3S) + HCI(2Z+),
as indicated by a vertical arrow in Figure 11. This
surface is correlated with CaCl(B2Z*) as indicated by
a broken line, but not with CaCl(A?II) under the strict
C., symmetry. However, as discussed previously, a
slight deviation of geometry from C,, to C, would cause
an avoided crossing between one of the two degenerate
components of the CT(II) surface and the CT(Z) sur-
face at P in Figure 11. Therefore, the system excited
to CT(Z) would produce both CaCl(A) and CaCl(B) in
a fixed ratio. Then, why is the A state not observed in
the action spectrum? The most probable answer would
be that the A — CT(II) — CaCl channel has an acti-
vation barrier near the crossing point of A and CT(II),
which cannot be overcome with the excess energy given
by the excitation of A. The direct excitation of CT(II)
at shorter wavelengths would provide an opportunity
to observe this channel.

4- Hg 'Clz

Jouvet and Soep® reported the reactant—pair reaction
for Hg:Cl, in 1983. This is the first observation of the
intermolecular rearrangement reaction in a weakly
bound binary complex. They have measured an action
spectrum by observing the 500-nm chemiluminescence
of the product HgCl and by scanning the pump wave-
length in the region of the Hg(6°P,) «— Hg(6!S,) tran-
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sition. A single broad band is observed, whose peak is
at the higher energy side of the atomic transition of Hg
(the B < X region).3"%8

In the excitation and action spectra of complexes such
as Hg-(rare gas), Hg-CH,, and Hg-N,, progressions due
to the intermolecular vibrations have been observed (see
discussion above). The broad band observed here in
the action spectrum is then characteristic of Hg-Cl, and
has been attributed to the transition to B3Z* which is
strongly mixed with a CT configuration, Hg*.Cl,~. On
the basis of these observations, the foliowing mechanism
has been proposed:3738

Hg.Cl, + hy (~253 nm) — Hg*-Cly~
Hg*-Cl;” — HgCI(B2Z*) + CICP, 53/
HgCI(B2Z*) — hv (500 nm) + HgCl(X2=*) (23)

The reaction of photoexcited Hg(63P,) with Cl, has
been studied in the gas phase®!? and in the crossed
molecular beam configuration.!* A strikingly large
cross section of the order of 100 A? has been explained
on the basis of the harpooning mechanism. The cor-
relations of potential surfaces are essentially the same
as those shown in Figure 11 for Ca-HCl except that the
singlet spin should be read as triplet. The *P!(3Z+)
state is crossed by a Z-type CT surface, Hg*(‘S) +
Cl,"(®2*) (avoided crossing), at a longer Hg—Cl, distance,
which accounts for the extraordinarily large cross sec-
tion.

Since, in view of the value of cross section, the Hg—Cl,
distance at the crossing point may be much larger than
the bond distance (~4 1{)) of Hg-Cl, in its ground state,
the excitation of the complex is presumably to the state
mainly of CT character (similarly to the vertical arrow
in Figure 11). This CT(Z) surface is correlated to
HgCl(B2Z*) + CI(®P), accounting for the observed
chemiluminescence. In contrast to Ca-HCI, the HgCI(A
— X) emission was not observed. Moreover, the
A(3TI) state is not observed in the action spectrum ob-
tained by monitoring the B — X transition of HgClI.
These results indicate that the reaction proceeds re-
taining the C., symmetry, with no avoided crossing like
that at P in Figure 11. HgCl(A) is then correlated only
to Hg-Cly(A). Jouvet et al. have ascribed the nonob-
servation of the Hg:Cl,(A)-HgCI(A) channel to a strong
interaction of the A(PII) state with the corresponding
CT configuration which makes the state move out of
the spectral region being detected.®® It should also be
noted that the HgCI1(A) state may not be emissive.!?®
However, in view of the surfaces like those in Figure 11,
the channel A — CT(II) — CaCl(A) may have an
activation barrier near the crossing point of A and
CT(II). Excitation to A would not provide sufficient
energy to overcome the barrier. It would therefore be
more reasonable to try to excite the CT(II) surface
directly at shorter wavelengths. Nevertheless, the direct
spectroscopic observation of the CT state Hg*.Cl," is
good evidence for the harpooning mechanism taking
place both in the reactant-pair and in the bimolecular
reactions.

5. Xe:X,(X = Cl Br,and I)

The photoassisted formation of excimers Rg-X* (Rg
= rare gas, X = halogen) in collision of Rg and X, has
been studied extensively.?®-10L126-139 The formation of

Chemical Reviews, 1991, Voi. 91, No. 6 1209

T XeCi (B+X) action spectrum

(b)

) \ {ilnm)
290 300 310

4
XeCji (C+A) action spectrum

(a)

5 ) Alnm)
290 300 310

Figure 13. XeCl action spectra obtained by exciting Xe-Cl, with
a two-photon process and by monitoring the emission of XeCl
(a) at 345 nm (C state) and (b) at 308 nm (B state).®®

XeX from reactant-pairs, Xe-X, (X = Cl, Br, or I), was
investigated by Boivineau et al.**4%%! and summarized
by Jouvet and Boivineau.5

Among them, the reaction of Xe:Cl; has been inves-
tigated most extensively. Boivineau et al.*84? observed
two chemiluminescence bands due to the B, — X, 5
and Cy/; — A,y transitions of XeCl* using the two-
photon excitation of Xe-Cl, to the Rydberg state with
the 297.5-nm light. On the basis of the integrated in-
tensities of the chemiluminescence bands, they have
concluded that the branching ratio into XeCl*(B, ;) and
XeClI*(Cy,) is close to unity, which may be compared
with the branching ratio of 1.3 obtained for the bimo-
lecular reaction Xe(°P,) + Cl,.126

XeCl* generated from Xe-Cl, is vibrationally cold, in
constrast to the hot XeCl* generation under the bi-
molecular condition.?10112132 The highest vibrational
levels are v’ =~ 10 and 100 for the reactant-pair and
bimolecular reactions, respectively. This difference has
been discussed on the basis of the harpooning mecha-
nism via Xe*.Cly". The distance between Xe and Cl in
the ground-state Xe:Cl, is about 3.3 A. A Franck-
Condon transition brings it directly to the Xe*-Cly”
surface, where XeCl* is formed, whose equilibrium
bond length is also about 3 A. Therefore, XeCl* gen-
erated from the reactant—pair is not vibrationally ex-
cited. On the other hand, in the bimolecular reaction,
the Xe* + Cl, surface crosses the Xe* + Cl;™ surface at
the Xe—Cl distance of about 5 A, where the harpooning
occurs. The bond length of nascent XeCl* produced
from Xe*-Cl,™ is, therefore, about 5 A, which is much
longer than the equilibrium bond length of XeCl*, re-
sulting in a vibrationally excited XeCl*. The Xe*-Cly
potential energy surface and classical trajectory calcu-
lations have been reported.394®

Action spectra have been measured for XeCl*(B) and
XeCl*(C) by two-photon excitation of Xe:Cl, in the
290-310-nm region (Figure 13).3%4° The action spec-
trum measured by monitoring the XeCl(Cs/3 — Ag/2)
fluorescence at 345 nm, shows a broad structureless
band extending over 4000 cm™!. It has been ascribed
to the transition to a CT state Xe*-Cl,". In the action
spectrum for the XeCI(B, ;) formation monitored at 308



1210 Chemicai Reviews, 1991, Voi. 91, No. 6

nm, vibrational structures with a spacing of 380 £ 20
cm! are observed in addition to a broad band similar
to the XeCl(Cy),) case.

The following mechanism has been proposed on the
basis of the laser power saturation effect which suggests
a two-step excitation via an intermediate resonant state:

Xe-Cl, = Xe-Cly({I,) —XeCl(X)-Cl —»
XeCl(B)-Cl — XeCI(B) + CI (24)

Xe-Cly —=» Xe-Cly(L,) —> Xe-Cly('IL,) —
Xe*-Cl;” — XeCI(B,C) + Cl (25)

where designations !II, and 'I1, are for the excited states
of Cly. Since Cl,('I1,) is a dissociative state, two pro-
cesses compete at this stage, one dissociating to give
XeClCl and the other absorbing the second photon.
The former process absorbs the second photon in the
XeCl(X) part of the complex. Therefore, the structure
in the action spectrum is expected to be similar to that
in the LIF spectrum of XeCl(X), as has actually been
observed.#? On the other hand, the broad band in the
XeCl(B) and XeCI(C) action spectra have been attrib-
uted to mechanism 25.

No structure is observed in the XeCl(B) action
spectrum measured under the bimolecular condi-
tion.?132 This has been ascribed to an averaging over
various values of impact parameter and collision energy.
It has also been reported that Xe*(°P, or °P,) + Cl,
gives XeCl* in a bimolecular reaction, while the exci-
tation of Xe-Cl, to the state correlated with Xe*(°P, or
3P,) does not give XeCl*. This result has been ex-
plained as due to the fact that the potential surface of
Xe*.Cl, does not cross the XeCl* + Cl surface in the
stable conformation of Xe-Cl,.

Photoexcitation of Xe-I, does not give XeI*.% Xe.Br,
reacts to give XeBr* by a two-step excitation to the
highly excited valence state via the B state of Bry.50:5!
Direct two-photon excitation to the Rydberg state
causes a dissociation into Xe + 2Br. The difference in
the reactivity has been explained as due to the different
modes of crossing between the repulsive curves and the
Rydberg and valence states of halogens.*

1V. A Prospect of Future Developments

Finally, we give a few comments on the possible fu-
ture developments in this field. As is clear in the above
discussions, knowledge of the geometrical configuration
of the complex is essential to analyze the dynamics of
the reactant-pair reactions. Unfortunately, structural
information is lacked in many cases because of the
difficulty in determining structures under the molecular
beam condition. However, structural data have been
accumulated recently by the application of high-reso-
lution spectroscopic techniques. More efforts are re-
quired in this direction. The structural change during
the course of reaction has been postulated several times
in the above discussions. The change often causes a
mixing of potential energy surfaces, giving a drastic
effect on the branching ratio. In order to elucidate this
point, ab initio calculations would be particularly
helpful in addition to the experimental examination of
the state-to-state selectivity between the parent com-
plex and products.

The dependence of the reaction cross section and
branching ratio on the photolysis energy has not been
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studied extensively for the systems discussed in section
II. Importance of the knowledge of the photolysis en-
ergy dependence has been postulated above for the
discussion of HBr-N,O in comparison with HI:N,O.
More generally, it is essential to examine the excess
energy dependence of the cross section to understand
the reaction mechanism fully, since the reaction scheme
may change according to the excess energy as discussed
in section IL.B.

As discussed in section I1.G.3, photolysis wavelength
dependence of the HI-C(, reaction has been measured
by monitoring the product LIF intensity at a fixed
wavelength, indicating a monotonous increase of the
cross section for increasing energy. However, this is not
surprising in view of the dissociative nature of the
photoexcited state. It would be more important to see
how the reaction mechanism changes from direct to
indirect or vice versa according to the excess energy. To
accomplish this, it is necessary to measure more detailed
features such as the rotational distribution, the dis-
tributions on the SO and A-doublet components, al-
though a tedious experimental effort would be required
to construct a two-dimensional spectrum with varying
photolysis and probe wavelengths simultaneously.

In the case of excitation to the bound state discussed
in section III, it is essential to find the excited states,
say A and B, in the LIF or action spectrum. In the
harpooning case such as Ca-HCI or Hg:Cl,, it is required
to search for the A component [or CT(II) as discussed
above] in their action spectra which has not been found
so far. Some of the complexes of Hg (such as Hg-NHj,
Hg-CH,, etc.) undergo only the decomposition to their
constituents as mentioned above. One of the reasons
for this may be insufficient excess energy to promote
the rearrangement reaction between the constituent
molecules. Excitation to higher excited states may open
a new possibility in this type of complexes. The ex-
tended pump energy range would also make it possible
to cover a wide variety of counter molecules which form
complexes with Hg.

It is of particular interest to see the effect of inter-
molecular mode excitation. Unfortunately, few exam-
ples have been reported only for the Hg complexes.
Observation of the vibronic structure due to the in-
termolecular vibrational modes is generally not easy
because of their low frequencies which could be
broadened out if the dissociation is too fast, and because
of low Franck-Condon factors due to a weak coupling
between the intermolecular and intramolecular vibra-
tional modes. The Hg complexes may be an exceptional
case where the direct interaction of the atomic valence
electrons with the intermolecular modes enhances the
coupling. Nevertheless, it is fascinating that the in-
termolecular mode selective chemistry has been ob-
served in some of these complexes. A search for a sim-
ilar effect in the excitation of molecular species in a
complex is desired.

We have reviewed here two types of reactions in
which the complex is photoexcited either to the disso-
ciative or to the bound state. Nevertheless, very re-
stricted types of complexes have been studied so far.
In the former case, most of the reactions studied are
those which produce the OH radical, presumably be-
cause of its feasibleness in optical detection and well-
known spectroscopic characteristics. It is, however,
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necessary to extend the detection to other species in
order to establish characteristic features of the com-
plex-initiated dynamics.

In the case of the excitation to the bound states, a
variety of examples reported for the bimolecular mer-
cury-sensitized reactions,”” which would give us addi-
tional possibilities for studying the reactant-pair reac-
tions with Hg. For example, various alkanes, RH, have
been reported to undergo the mercury-sensitized bi-
molecular reaction to form HgH(X22+).8%140 The bi-
molecular reactions using other metal atoms such as Zn
and Cd have also been reported, which suggests the
possibility of studying them in the reactant-pair reac-
tion.#697 A systematic search for such combinations is
required.

Perhaps one of the advantages of using the atomic
species for the photoexcitation is that most of the ex-
citation energy can be used to dissociate the counter
molecule. If one excites the molecular species, say A-B
in complex A-B-C-D, most of the photon energy is
consumed to break the A-B bond, only the residual
energy being used to dissociate C-D. If (A-B)* is a
dissociative state, the activation barrier must be rela-
tively lower for (A-B)*-C-D — A + B-C + D so that
this reaction may be possible for a relatively weak C-D
bond. This is the case for the complexes discussed in
section II. When (A-B)* is a bound state, the activation
barrier should be higher and the residual energy in the
near UV excitation can hardly overcome it. It is per-
haps possible to study a complex (A-B)*-C-D where
(A-B)* is a predissociative excited state. In this case,
the effective activation barrier is expected to be lower
than the purely bound state, which could be overcome
by a single-photon excitation in the UV region. This
possibility should also be examined in the future.
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