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Laser Probing of Chemical
Reaction Dynamics

The advent of lasers has heralded rev-
olutions in almost all fields of technical
endeavor (). In chemistry, much of the
original excitement centered on the pos-
sibilities for laser-driven, bond-selective
synthesis and isotope separation (2).
While a few such schemes for laser-
selective chemistry do appear promising,
an even greater number of remarkable
side benefits have arisen from the in-
tense activity in this field. Tremendous
progress in molecular spectroscopy has
been made possible by the availability of
highly developed tunable laser sources.
Another area of rapid progress is in the
sophisticated understanding of chemical
reaction dynamics which has been ob-
tained through laser studies of state-
selective reactions. It is the latter field
which is the subject of this article.

Chemical reaction dynamics is a rela-
tively new field (3, 4). It is, in essence, a
modern-day approach to the study of
chemical kinetics, or the rates at which
reactions proceed. Rather than merely
measuring the rates of chemical reac-
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tions under various conditions, chemists
are now accustomed to achieving a much
finer level of detail. With the availability
of laser sources for selective excitation
and detection, it is possible to infer many
things about the dynamics, that is, the
particular motions, that the molecules
are likely to undergo in the chemical
reaction. It is possible to interrogate, or
probe, the specific forms of excitation
that best lead to chemical reaction, for
example, vibrational, rotational or trans-
lational motion, or electronic excitation.
Thus, the study of gas-phase, state-re-
solved dynamics offers many answers to
questions of fundamental interest in
chemical reactivity.

The laser has played a central role in
the development of these studies of
chemical reaction dynamics. However,
laser sources are not the sole means of
studying chemical processes with state-
selected detail. For many years, comple-
mentary techniques of spectrally re-
solved infrared and visible chemilumi-
nescence and molecular beam reactive
scattering have also provided exceeding-
ly detailed results on reaction dynamics
(5, 6). Lasers have, however, provided
some of the most sensitive methods for
detection of molecular states, as well as
the means to select specific reagent
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states with high resolution. Through the
inherent polarization of their light, lasers
can be used to study numerous chemical
reactions as a function of the geometric
alignment of reagents or products. With
the high resolution of lasers, it is even
possible to probe the differences in reac-
tivity of closely spaced spin-orbit states.
Lasers even provide the capability to
probe the exceedingly short-lived transi-
tion states of simple reactions.

Data from experiments on state-select-
ed chemical dynamics now comprise a
large body of knowledge from which it is
possible to infer many things about the
dynamics. It is important to emphasize,
though, that even a series of the most
cleverly designed experiments together
with appropriate theoretical interpreta-
tion (7) can only lead to powerful infer-
ences concerning the specific motions
that the molecules undergo. Nearly all
experiments interrogate the system at a
time that is either well before the reac-
tion, by specific reagent state prepara-
tion, or well after the transition state of
the reaction, by probing the final product
states. Most of our simple pictures of the
dynamical motions have been derived
from this powerful combination of ex-
perimental facts, inference, and theory.
Experimentalists would like to obtain
even more concrete information, rather
than rely so heavily on inference. This is
why the possibility of more directly
probing the transition states of reactions
has intrigued so many investigators.

General Methods of Laser Probing

An apparatus for studying chemical
reaction dynamics through either selec-
tive laser excitation of reagents or laser
detection of product states can have
many variations (¢, 8). However, a num-
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ber of key features common to all these
devices can be outlined. Figure 1 shows
an apparatus that could be used for many
types of investigations in reaction
dynamics. It consists of a low-pressure
reaction chamber, a laser for excitation

molecule which is born in a particular
state is not modified by subsequent colli-
sions during the time of interrogation.
Since very short laser pulses are fre-
quently used, the time between excita-
tion and interrogation can be less than

Summary. Lasers are used in increasingly sophisticated ways to carry out reactions
between molecules in selected vibrational, rotational, and electronic states and to
probe the product states of chemical reactions. Such investigations are providing
unprecedented insights into chemical reaction dynamics, the study of the detailed
motions that molecules undergo in simple chemical reactions. In many cases it is
possible to describe the influence that specific types of molecular excitation have on
reactive events. Experiments are also being carried out to learn about chemical
reactivity as a function of the alignment of reagents. There is increasing excitement
concerning the potential of laser methods to interrogate the transition states of

molecular reactions.

or dissociation to produce the initial re-
agent states, a laser for interrogation of
product states, and detectors for molecu-
lar fluorescence or laser absorption. In
some cases the second laser is replaced
by a detector for time- and wavelength-
resolved emission in either the infrared
or visible. Provision can be made to
rotate the planes of polarization of the
exciting and analyzing lasers. The re-
agents themselves may be stable mole-
cules or short-lived atomic, radical, or
ion species. Thus, many different gas
sources are employed to generate the
reagents of interest.

In ideal circumstances the reactions
are carried out under ‘‘single-collision”
conditions. These conditions typically
require low pressures, so that a product

107® second. In this case, pressures as
high as hundreds of pascals (1
Pa = 7.5 x 1072 torr) can be used with
virtually no collisions occurring between
the formation of a product and its detec-
tion.

It should be immediately apparent that
collisional relaxation, which is itself an
active area of investigation called molec-
ular energy transfer, is of central impor-
tance in the issue of obtaining nascent,
or newly born, product state distribu-
tions. Moreover, collisional energy
transfer pathways can play an underlying

role in the dynamics of the reactive -

event. There are numerous examples of
competition between reactive and ener-
gy transfer pathways, and the flow of
energy between various degrees of free-
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Fig. 1. A typical two-laser, pulse and probe type of apparatus for studies of molecular reaction
dynamics. The first laser is used for excitation or dissociation to prepare the reagent states and
the second laser is used to interrogate the product states a short time later.
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dom during the lifetime of the active
transition state can be important in the
final outcome of product states. Thus,
the field of reaction dynamics requires
an implicit understanding of the role that
molecular energy transfer plays and the
magnitudes of the rates of both energy
transfer and reaction.

Laser excitation of selected reagent
states most frequently involves a direct
absorption process. However, in some
cases more subtle methods can be em-
ployed. For example, a high-power, po-
larized laser can be used to photodissoci-
ate a collection of molecules, leaving
behind a small fraction of molecules with
their planes of rotation very purely
aligned (9). The laser photolysis method
can be used to create high concentra-
tions of reactive free radicals and atoms,
and the fact that the laser power density
can easily be varied is exploited to con-
trol those radical densities (10). Mole-
cules can be prepared in states that are
ordinarily inaccessible by pumping with
two lasers, first through an intermediate
state and then up or down into the state
of interest. The latter method of down-
pumping is called stimulated emission
pumping and can be used to prepare
molecules in very high vibrational levels
of the ground electronic state (/7).

Laser detection schemes are even
more varied (12). One of the most com-
mon is laser-induced fluorescence, in
which a molecule is excited to a fluores-
cing electronic level and photons are
observed as a function of the wavelength
of the laser (I2). In this way, complete
product state distributions can be
mapped with vibrational and rotational
resolution. Alternatively, the molecules
can be ionized with one or more photons
from a laser and the electrons or positive
ions can be counted to obtain the state
information. Transient measurements
can be accomplished by absorption of a
laser probe beam that is tuned to a
particular transition. Various Raman
processes, such as coherent anti-Stokes
Raman spectroscopy (CARS), can be
used as a quantitative probe of molecu-
lar-state information (/3).

Perhaps the most significant reason for
the tremendous variety of techniques
now available for interrogating mole-
cules is the extensive development of
tunable laser sources that operate
throughout the infrared, visible, ultravio-
let, and vacuum ultraviolet regions of the
spectrum. Techniques have been devel-
oped to probe almost any kind of atomic
or molecular state, in many cases with
sensitivities approaching number densi-
ties of 10° cm™3, and in special circum-
stances with detection sensitivity even
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for single atoms (14). The types of lasers
range from solid-state tunable diode la-
sers in the infrared to liquid-phase organ-
ic dye lasers in the visible. By elegant
nonlinear optical techniques, the outputs
from high-power, pulsed visible dye la-
sers can be summed and mixed to pro-
duce useful tunable ultraviolet and vacu-
um ultraviolet light, with wavelengths as
short as 100 nm (15).

Examples of State-Specific
Excitation and Detection

Lasers are frequently used to produce
selective excitation of reagent states in
an effort to learn about the specific
mechanisms that will ‘‘drive’’ a chemical
reaction (16, 17). In many cases tremen-
dous enhancements in reactivity are at-
tainable by excitation of certain reagent
states. For example, the reactions of
calcium and strontium with HF to form
CaF and SrF are found to be enhanced
by at least 10* upon excitation of the HF
to the v = 1 vibrational state with a
chemical laser (/8). This rather large
increase in the rate coefficient with vi-
brational excitation also facilitates prob-
ing the reactivity as a function of initial
rotational state within the v = 1 mani-
fold by the same selective laser excita-
tion (19).

Reactions of the type M + HX, where
M is a metal and X is a halogen, have
many varied characteristics. However,
in some of these reactions it is found that
rotational excitation may slightly inhibit
the reaction (/9). Vibrational excitation
is sometimes more effective than transla-
tional energy in promoting the reaction.
The mechanism of these reactions is
thought to involve an initial electron
transfer from the metal atom to the elec-
tronegative halogen atom, forming a
strong attractive force between the metal
and the halogen. Increased vibrational
excitation appears to overcome the bar-
riers to this process in an effective way.

Reactions such as the ones described
above may involve not only state-specif-
ic excitation of the reagents with lasers,
but also interrogation of the product
states by laser-induced fluorescence
probing (20). In an elegant series of mea-
surements on the Ca + HF system (21),
the number of vibrational levels excited
in the CaF product was found to increase
monotonically with increasing rotational
excitation (Fig. 2). The actual population
distributions in the vibrational states
were very nearly statistical, based on a
comparison with calculations in which
the total energy available to the products
was statistically distributed among all
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the vibrational, rotational, and transla-
tional degrees of freedom. The latter
result is suggestive of a long-lived reac-
tion complex.

Insertion reactions. Reactions of elec-
tronically excited O('D), C('D), or
Mg(‘P;) with hydrogen-containing com-
pounds form OH, CH, or MgH as the
product. These reactions have been ex-
haustively studied by laser-induced fluo-
rescence probing of the OH, CH, or
MgH product (22, 23). The atoms are
produced selectively by direct laser exci-
tation or ultraviolet laser photolysis of a
molecule, such as ozone. One of the
motivations for these extensive studies is
that the reactions can take place through
two very different types of chemical
mechanisms. One involves direct ab-
straction of a hydrogen atom from an
R-H type molecule, and the other in-
volves insertion into the R~H bond fol-
lowed by unimolecular decomposition of
the highly excited species to form the
product.

In principle, the insertion and abstrac-
tion mechanisms should be distinguish-
able by detailed measurements of the
vibrational and rotational state distribu-
tions of the product. Typically, a direct
abstraction reaction yields a very high
degree of vibrational excitation (7).
From 40 to 60 percent of the available
reaction energy is channeled into vibra-

tion in the diatomic product, which rep-
resents a highly nonstatistical fraction of
the available energy in vibration. An
insertion reaction, on the other hand,
may involve a long-lived complex inter-
mediate, and the energy of the reaction
may be partitioned in a more statistical
manner between all the vibrational, rota-
tional, and translational degrees of free-
dom. In a large polyatomic intermediate,
this would mean that only a small frac-
tion of the available energy would go into
the diatomic vibration. However, if the
insertion complex breaks up in a time
short compared to the time scale for
energy randomization, which might es-
pecially be the case for a complex with a
small number of atoms, then highly non-
statistical distributions in both vibration
and rotation can also be observed, mak-
ing the interpretation ambiguous.

In some cases the ambiguity can be
resolved by careful measurements of the
rotational state distributions. Bimodal
distributions in rotation, in which very
different populations and degrees of ex-
citation occur for groupings of low and
high rotational states, are typically indic-
ative of multiple pathways or mecha-
nisms. One of the clearest examples of
such a bimodal character in rotation
comes from the reaction of Mg('P;) with
H, (23). This reaction is simple enough
and the fractions of the insertion and
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Fig. 2. Laser-induced fluorescence spectra of the CaF product formed in the Ca + HF(v = 1)
reaction as a function of rotational level in the HF reagent. Band heads corresponding to
different CaF vibrational levels are shaded differently to indicate the increase in CaF vibrational
excitation with reagent rotational excitation. [From (21), courtesy of Chemical Physics Letters]
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abstraction channels are both large
enough that the two pathways are appar-
ent in the rotational data (Fig. 3). There
is substantial evidence in this reaction
that the abstraction component is re-
sponsible for the low rotational levels
and the insertion mechanism is responsi-
ble for the high rotational levels.

Several examples of O('D) reactions
further demonstrate the exceptional lev-
el of detail that can be obtained from this
type of study but are also illustrative of
the frequent ambiguities and uncertain-
ties that occur in the interpretation of
data to describe the dynamics. Much of
the experimental evidence indicates that
both insertion and abstraction mecha-
nisms are important in the reactions of
O('D). For example, in the reactions
with hydrocarbons, highly nonstatistical
distributions in OH vibration and bimod-
al distributions in rotation of the OH
product are interpreted as meaning that
both abstraction and insertion are occur-
ring (24). From these measurements it
has been possible to estimate the frac-
tions of the abstraction and insertion
components, to determine the different
extents of vibrational excitation for each
component, and to relate these to the
statistical and nonstatistical partitioning.
Several of these results are shown in
Table 1 for the reactions of O('D) with
H2, CH4, C2H6, C3H3, and C(CH3)4.

Unfortunately, not all the results are
so clear-cut concerning the interpreta-
tion of O('D) mechanisms. For example,
in one of the most elegant experimental
studies to date, the complete vibrational
and rotational partitioning in the '*OD
and ®OD products of the reaction be-
tween '°O('D) and D,'®0 has been mea-
sured (25). The '®OD product, which is
the result of a newly formed bond, is
found to have 40 percent of the available
energy in its vibration. The '*OD mole-
cule, in contrast, has a negligible 2 per-
cent of the energy in its vibration. The
rotational excitations in both products
are similar, but they also exhibit the
typical bimodal pattern, with a very cold
component in the low rotational levels
and a very hot fraction in the higher
rotational levels. In this case, however,
the authors suggest that this reaction
must be direct, and they favor an ab-
straction type of mechanism in which the
130-D bond is a spectator. The interpre-
tation is ambiguous because a very
short-lived insertion intermediate might
also explain the large difference in vibra-
tional excitation between the two prod-
ucts and still account for the bimodal
distributions in rotation.

Reactions of fast hydrogen atoms.
High-power, pulsed laser outputs at
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Table 1. Properties of the abstraction and
insertion components of O('D) + RH reac-

tions (24).

RH Fo* =1\T [v=1\%

=0 v=0/; \v=0/,4

H, 0.0 0.9
CH, 0.05 1.0 1.0
C,Hg¢ 0.2 0.65 0.3
C;H;g 0.7 0.55 0.08
C(CHaj)q4 0.9 <0.05

*Fraction of the abstraction component for the
OH(v = 0) channel. tRatio (v = 1)/(v = 0) for
the insertion component. tRatio (v = 1)/(v = 0)
for the abstraction component.

short ultraviolet wavelengths have be-
come available with the advent of ex-
cimer lasers. These lasers make it possi-
ble to generate high densities of transla-
tionally energetic atoms, such as hydro-
gen atoms, by photolysis of simple
precursor molecules such as H,S, HI,
and HBr. The energy of each 193- or 248-
nm laser photon in excess of the bond
energy is partitioned almost entirely into
kinetic energy of the atom of lower mass,
due to simple conservation of energy and
momentum. This has made possible a
number of new and basic studies on the
dynamics of reactive and inelastic ener-
gy transfer pathways in the collisions of
hydrogen atoms with simple molecules.
Recent studies of the reactive colli-
sions of fast hydrogen atoms with D,
molecules have received wide attention
because of the fundamental nature of this
simple chemical system and the large
number of calculations that have already
been carried out to generate accurate
potential energy surfaces for the reac-
tion. The vibrational and rotational
states of the HD product molecules have
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Fig. 3. A plot of the population P(N) versus
rotational state N, showing the deconvolution
into the low and high rotational components
in the reaction of Mg(*P;) + H, to form MgH.
A surprisal-type analysis (5), which compares
the observed populations to a statistical pre-
dicted distribution, is used to estimate the
populations of the high rotational components
in the blended region. The low-N rotational
levels are thought to occur by the direct
abstraction mechanism and the high-N levels
by insertion. [From (23), courtesy of the Jour-
nal of Chemical Physics]

been probed by both CARS (I3) and
laser multiphoton ionization (26). The
hydrogen atoms are produced with high
kinetic energy by laser photolysis of HI
in the presence of D,, and the interroga-
tion takes place shortly after some reac-
tion has occurred but before substantial
relaxation has taken place. At a collision
energy of 1.3 eV, newly born HD prod-
uct molecules have been observed in the
v =1 and v = 2 vibrational states and
over a range of rotational states from
J =0 to 9. The general agreement be-
tween experiment and theory for the
vibrational and rotational state distribu-
tions formed in the reaction is very good
(26). Further work will help to elucidate
the origins of the small differences and
will provide data on other channels, in-
cluding direct excitation of the D, by
energy transfer.

Studies have also been made on the
competition between vibrational excita-
tion and atom exchange pathways in
collisions of laser-generated fast hydro-
gen and deuterium atoms with HCI and
DCI (27). Spectrally resolved infrared
chemiluminescence is used to determine
the amount of vibrational excitation in
the HC1 and DCI1 products of collisions
between H and DCI. The vibrational
population distributions show that the
HCI product of the reactive exchange is
substantially more excited than the DCI
molecules which become vibrationally
excited as a result of the direct, inelastic
energy transfer process.

As further evidence that the atom ex-
change and energy transfer processes
take place on fundamentally different
chemical energy surfaces, the excitation
efficiency as a function of the kinetic
energy is found to exhibit strikingly dif-
ferent trends (Fig. 4). The efficiency of
the pure energy transfer process in-
creases sharply with kinetic energy,
whereas the reactive exchange pathway
has nearly a constant fraction of energy
deposited into vibration over the range
of collision energies investigated (1 to 3
eV). The results are interpreted as indi-
cating that quantitatively more vibration-
al excitation results from the process of
breaking and reforming the bond in the
atom exchange process, but that once
the kinetic energy is high enough to
overcome the barrier to atom exchange,
very little of the additional excess trans-
lational energy is deposited into the di-
atomic vibration.

Charge transfer reactions. The ex-
tremely high sensitivity of the laser-in-
duced fluorescence method allows a
number of new kinds of reactions to be
studied for the first time. In particular,
reactions of ions at near-thermal ener-
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gies have been difficult to study with
product state resolution. The problem of
obtaining sufficiently high densities of
ions to be able to probe the product
states of such reactions under single-
collision conditions has been solved by
using high-velocity flows of helium to
generate the ions (28). One of the most
interesting and fundamental classes of
reactions involves simple electron trans-
fer, or charge transfer, from one mole-
cule to another in the gas phase. Being
free of the complications associated with
solvent media, such studies have the
potential of showing how the chemical
energy of electron transformations can
be channeled into the vibrational, rota-
tional, and translational motions of the
relatively heavy nuclei. At thermal colli-
sion energies the dynamics will be most
sensitive to the strong attractive ion-
induced dipole and ion-dipole forces.

The mechanisms of charge transfer
can be divided into two extreme models.
A Franck-Condon electron transfer
would obtain a vibrational distribution
that is governed by isolated diatomic
overlap factors for the vibrational wave
functions of the ion and neutral species;
this would look very much like a photo-
ionization process. In contrast, an ener-
gy resonance picture would channel the
reaction exothermicity as nearly as pos-
sible into the vibrational, rotational, or
electronic internal degrees of freedom.

Thus far, three reactions have been
studied by laser probing of the diatomic
product ion vibrational and rotational
excitation: Ar* + N, (29), Ar" + CO
(30), and N* + CO (3]). In spite of the
similarities between the atomic ions and
the diatomic molecules in these cases,
the reactions exhibit markedly different
behaviors. The Ar* + CO and N, reac-
tions both show an exceptional prefer-
ence for populating the highest vibration-
al levels accessible. For example, the
N,* is born with ten times as great a
populationin v = tasinv = 0. Figure §
shows a spectral scan of the v = 0 and
v = 1 levels of N,* under conditions in
which the N,* is in a nascent distribution
and partially relaxed by collisions. The
CO™ product of the Ar* reaction is born
predominantly in the energetically near-
resonant states v = 5 and v = 6. In con-
trast, the N* + CO reaction produces 70
percent in v = 0, 28 percent in v = 1,
and 2 percent in v = 2, which is in very
close agreement with a Franck-Condon
distribution of 96, 4, and 0 percent, re-
spectively.

The rotational excitation in these
charge transfer reactions further corrob-
orates the differences in the mecha-
nisms. In the N* + CO reaction, only 2
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vibrational excitation efficiencies for direct
energy transfer and reactive exchange path-

Fig. 5 (right). Laser-induced fluorescence spectra of the N, ™

product in the Ar™ + N, charge transfer reaction, showing in the lower trace the nascent
(unrelaxed) distribution in which v = 1 predominates and in the upper trace a partially relaxed
result in which single-collision conditions are not achieved.

percent of the energy goes into rotational
excitation, indicating that a substantial
fraction of the reactive events occur by
long-range electron transfer, which
would not impart any angular momen-
tum to the diatomic ion product. In con-
trast, the reactions of Ar" with N, and
CO both produce substantial rotational
excitation of the diatomic ion product,
indicating that a close encounter must
occur, which would tend to impart angu-
lar momentum to the product. It is
thought that such a close encounter is
necessary to distort the diatomic bond
length before the charge transfer transi-
tion state can be reached. Such studies
will provide further insights into the geo-
metric orientations and characteristic
bond lengths that are necessary to allow
the switching of an electron in simple
systems.

Spin-orbit effects. The power of the
laser to resolve even finer details of
molecular reaction dynamics is demon-
strated through recent studies of the re-
activity of specific spin-orbit states.
Spin-orbit states, which arise from the
splitting of an atomic energy level by
coupling of the nuclear spin with the
orbital angular momentum, often involve
only minute energy differences, but they
can exhibit substantial differences in re-
activity. A thorough series of studies has
been carried out on the reactions of the
2p,,» and 2P5, spin-orbit states of fluorine
atoms with HBr by using a tunable vacu-
um ultraviolet laser to probe the corre-
sponding 2Py, %P3, spin-orbit states in
the bromine atom product (32). The fluo-
rine atom spin-orbit states could be pop-

ulated to different extents by thermal
heating. The fluorine atom (2P;,,/*P3;)
spin-orbit state ratio was varied over a
factor of 6, while the product bromine
atom spin-orbit ratio (°P,/?P;;) re-
mained constant at 6 percent. These re-
sults indicate that there is not a simple
direct correlation between the reactant
spin-orbit state and product spin-orbit
state. Rather, it appears that only the
ground 2P, electronic state is reactive
in this case, most likely because of a high
barrier in the potential surface for the
excited spin-orbit state. The authors
speculate that the constant fraction of
bromine atom spin-orbit excitation may
be the result of energy transfer in the
transition state from the vibrationally
excited HF product molecule to the bro-
mine atoms before the products sepa-
rate.

Despite the small splitting (160 cm™})
of the Ca(*P,,; o) spin-orbit states, selec-
tive laser manipulation of the ratios of
the three spin-orbit states has shown that
they have substantially different reactiv-
ities with molecular chlorine to produce
electronically excited CaCl products
(33). The order of reactivity decreases by
a factor of 3 to 4 in the series *P,, 3Py,
and *P,. This selectivity of the reactivity
is remarkable in light of the ease with
which these states are collisionally trans-
ferred from one to the other.

Alignment and orientation. The sub-
ject of atomic and molecular alignment
and orientation is one of the exciting new
areas of chemical reaction dynamics (34,
35). The laser allows a number of differ-
ent effects to be studied by exciting
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atoms or molecules with polarized light
or by probing specific product states
which correspond to particular orbital
configurations. In the chemical literature
the meanings of alignment and orienta-
tion are characterized in the following
way. Consider a linear molecule with
two diffferent ends. Alignment means
that the linear axis can be arranged either
parallel or perpendicular to the collision
partner. Orientation means that either of
the two different ends of the molecule
can be pointed toward the collision part-
ner. Optical state preparation with lasers
can only provide alignment. In a few
cases, hexapole electric fields have been
used to provide orientation.

In spite of the fact that the degree of
alignment cannot always be perfectly
controlled, several substantial effects of
alignment or reactivity have already
been demonstrated. Most remarkable
are the reactions of the excited P state of
calcium with Cl,, HCI, and CCl,, which
are probed as a function of the p-orbital
alignment (36). The reaction with Cl,
shows a marked preference for perpen-
dicular alignment of the calcium p orbital
with the incoming reaction partner (Fig.
6). The reaction with HCI shows a varia-
tion of the CaCl A and B electronic
product states with the orbital alignment,
while the reaction with CCl; shows al-
most no preferential characteristics asso-
ciated with alignment.

For molecular reagents, the degree of
alignment that can be achieved in a sim-
ple absorption process cannot be very
great. Even so, a polarized laser has
been used to align the HF(v = 1) reagent
in the reaction with strontium atoms
(37). A weak enhancement of the v = 2
SrF product state is observed for the
broadside collision geometry. If a power-
ful pulsed laser is used to photodissoci-
ate molecules rather than to excite them
directly, the remaining undissociated
molecules can be prepared with a very
high degree of alignment. This method
has been used to select the plane of
rotation of IBr molecules and to find that
the reaction of excited xenon atoms with
IBr is preferentially enhanced when the
geometry of reagent approach is parallel
to the plane of rotation of the IBr mole-
cules (9).

Information about the alignment of
molecular orbitals in the transition states
of chemical reactions can also be ob-
tained by the analysis of certain lambda
doublet components in the laser-induced
fluorescence product spectra (22). This
has been particularly applied to the OH
products of numerous oxygen atom and
hydrogen atom reactions. For high rota-
tional states in the OH product, the
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Fig. 6. Variation of the alignment angle be-
tween the Ca('P;) orbital and incoming Cl,
showing the variation of product chemilumi-
nescence for (a) the CaCl (A) state, (b) the
CaCl (B) state, and (c) the result with the
reagent Cl, turned off. The latter signal is due
to variaton of the laser scattered light with
rotation of the laser polarization. [From (36),
courtesy of the Journal of Chemical Physics]

lambda doublet components can be
uniquely associated with the direction of
the orbital containing the lone electron.
For example, in the reaction of transla-
tionally fast hydrogen atoms with O,, the
energetically lower lambda doublet com-
ponent is populated by 6:1 preferentially
over the energetically higher component
(38). The preferred component corre-
sponds to the case where the singly
occupied orbital lies in the plane of the
OH rotation. A similar type of preferen-
tial population is observed for many oth-
er reactions that produce OH. It is taken
to indicate that the OH is released with
its plane of rotation rigorously in the
plane of the transition state and that the
bond that is broken has the lone electron
in an orbital within this plane.

Probing the transition state. The laser
has been crucial to recent investigations
that have brought experimentalists clos-
er to being able to probe the details of the
actual transition states of chemical reac-
tions. The high power densities of the

* light from lasers facilitate the manipula-

tion of even the shortest-lived species,
by forcing a competition between the
natural rates of the reaction process and
the rates of some light absorption or
emission processes that can be driven by
the laser. There are several reports of the
successful manipulation of reactions by
absorption of laser light during the life-
time of a transient collision intermediate
(39). Substantial success has also been
achieved in a study of the transition

states of chemical reactions by direct
emission (40). Several of the experi-
ments involve reactions of xenon with
Cl, to form electronically excited XeCl.
Other definitive experiments have been
carried out on the laser-assisted associa-
tive ionization of two sodium atoms dur-
ing a collision. In a novel experiment a
cluster of Hg with Cl, was formed and
then excited with a laser, and the prompt
formation of electronically excited HgCl
product was observed (¢I). As more
reports come forth, it will be possible to
say much more about the potential of
these laser manipulation methods for in-
creasing our understanding of the
dynamics of transition states.

Conclusions

The laser provides the means not only
to investigate the reactivity of well-spec-
ified initial reagent states, but also to
quantitatively probe product vibrational,
rotational, and electronic states. In sev-
eral cases, through more subtle features
of molecular spectroscopy and optical
pumping, it is possible to interrogate the
reactivity associated with specific geom-
etries. As new techniques for state de-
tection with lasers become available, the
number of possibilities for further de-
tailed study will increase dramatically.
Thus the potential of laser methods for
the study of chemical reactivity and re-
action dynamics is perhaps still largely
untapped. The initial goal of many inves-
tigations, to demonstrate the possibility
of laser isotope separation and bond-
selective chemistry, has been partially
successful. Far greater rewards have
been achieved from the ensuing funda-
mental studies of the dynamical behavior
in state-selected chemical reactions.
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Understanding Molecular Dynamics
Quantum-State by Quantum-State

Warren D. Lawrance, C. Bradley Moore, Hrvoje Petek

The process of energy transfer within
a molecule or group of molecules is
closely related to the making and break-
ing of chemical bonds. Although it is not
possible to photograph step-by-step mo-
tions of individual atoms and molecules,

this issue, Leone (/) discusses bimolecu-
lar reactions in the gas phase. Our article
deals with unimolecular processes, in-
cluding the nature of excited states and
reaction intermediates as revealed by
their spectra, the dynamics of intramo-

Summary. It is now possible to resolve completely the initial and final quantum
states in chemical processes. Spectra of reactive intermediates, of highly vibrationally
excited molecules, and even of molecules in the process of falling apart have been
recorded. This information has led to greater understanding of the molecular structure
and dynamics of small gas-phase molecules. Many of the concepts and spectroscop-
ic techniques that have been developed will be valuable throughout chemistry.

it is possible to resolve individual quan-
tum states in the observation of molecu-
lar spectra, in the preparation of reactant
molecules, and in the analysis of reaction
products.

Such information, in combination with
theory, reveals a great deal about the
dynamics of atomic and molecular mo-
tions and about the potential energy sur-
faces that govern them. In an article in

lecular vibrational energy redistribution
as probed by spectroscopy, and the
dynamics of photofragmentation as re-
solved quantum-state by quantum-state.
We have selected a few examples to
illustrate the power of some of the new
types of experiments and of the tools
now available, but much equally impor-
tant and interesting work is not dis-
cussed.
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Spectroscopy of Transient Molecules

Lasers have made it possible to ob-
serve the spectra and study the dynamics
and chemical kinetics of many free radi-
cals (2, 3), ions (2, 4), molecular excited
states, and other transient species (2).
Frequency resolution as high as 1 part in
10® is possible. Lasers with pulses as
brief as 107! to 10™!* second access the
shortest chemically significant time
scales, for which the energy uncertainty,
AE ~ #/At, is comparable to chemical
bond energies (3, 5). Sensitivities suffi-
cient to detect single molecules have
been demonstrated for more modest lim-
its of spectral and temporal resolution
6).

Methylene (CH,), the prototype for
divalent carbon intermediates, has been
the focus of many experimental and the-
oretical studies aimed at determining the
structure and the energy separation of
the two low-lying electronic states, the
“metastable’’ singlet (‘CH,) and the
ground triplet (*CH,) states. Spectro-
scopic detection of methylene eluded
experimentalists for many years during
which the only evidence for the theoreti-
cally postulated electronic structure of
methylene was the vastly different chem-
istry exhibited by the two electronic spin
states (3). In an article in this issue,
Goddard (7) discusses the interaction
between experiment and theory that pro-
duced accurate determinations of both
the singlet and triplet structures, as well
as the value of 9 kcal/mol for the energy
separation between the singlet and triplet
states (Ag—y).

The pioneering flash-kinetic spectros-
copy work of Herzberg provided the
first spectra and structure for triplet
methylene and showed that it is the
ground state (8). Laser magnetic reso-
nance, a technique whereby rotational or
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