Ultrafast Laser Spectroscopy
of Chemical Reactions

Joseph L. Knee and Ahmed H. Zewail
Callifornia Institute of Technology

Reprinted from PECTROSCOPY VOL. 3, NO.5




Ultrafast Laser Spectroscopy of
Chemical Reactions

Joseph L. Knee and Ahmed H. Zewail

Callifornia Institute of Technology

——

Ultrafast laser spectroscopy has extended reaction-dynamic
studies into the picosecond and femtosecond time domain, allow-
ing for experimental observations of transitory fragments that oc-
cur during collision or half-collision. This abllity to observe molec-
ular reactions allows real-time viewing of energy redistributions,
measurements of state-to-state rates, and tests of microscopic
statistical theories as prescribed by potential energy surface
(PES) considerations. In this article, the focus is on unimolecular
reactions. Recent advances In the studies of ‘“‘orlented’ bimo-
lecular reactions and ‘‘transition states’’ of elementary reactions
are also briefly considerad.

A —————

q major goal of chemical physics is to understand how chemi-

cal reactions complete their journey from reactants to prod-

ucts. A wealth of information is already available on the ther-
modynamics and energetics of reactions (1). Over the past two
decades, emphasis has been directed toward developing a more com-
plete understanding of the “microscopic picture” of reaction dy-
namics. This picture is essential to our knowlege of the multidimen-
sional potential energy surface (PES) and to the detailed quantum
description of chemistry on a state-to-state level. :

For bimolecular reactions, studies of both reactive and nonreactive
collisions in crossed molecular beams have provided valuable infor-
mation on PES and have inferred the time scale for the activated colli-
sion complex (2). For unimolecular reactions, the approach has been
to study the *“half-collision” photofragment spectroscopy of the reac-
tion (3). Product-state distributions, which result from the dissocia-
tion, have been probed (very sensitively) by a variety of laser spec-
troscopic techniques and have revealed the translational-, rotational-,
vibrational-, and electronic-state distributions of the products — in
some cases for all the possible product fragments. In these half-colli-
sion studies, one starts with the parent molecule, preferably in some
well-defined initial state, and deposits a known amount of energy via
a photon to dissociate the molecule.

Both molecular beam scattering and photofragment product-state
distributions yield information that is the time-integrated result of
fragments’ interaction on the PES. As pointed out by Smith (4), this
approach concentrates on the “before™ and “after” of chemical
events at the molecular level. The making of new bonds (and the
breaking of old ones) in elementary chemical reactions occurs in a
very short time (picoseconds-femtoseconds), and it requires new

techniques with ultrashort laser pulses to investigate chemical
dynamics “during” the actual molecular processes that lead to
chemistry.

Over the past eight years, such techniques have been developed in
molecular beams to study the ultrafast chemistry of unimolecular and
*“oriented™ bimolecular reactions (5-8). These studies have resulted in
real-time viewing of energy redistribution, measurements of state-to-
state rates, and tests of microscopic statistical theories as prescribed by

‘the PES (5-11). More recently, the technique has been extended to the

femtosecond time domain (12,13) to view the “transition state” of sim-
ple elementary reactions. The time scale for this femtochemistry (14)
currently allows for the observation of fragments during the collision
or half-collision of a chemical reaction. Because fragments’ recoil
speed is typically 1 kms™', the femtosecond time resolution is probing
dynamics at fragments’ separation of <0.5 A.

In this article, we will highlight some of the recent studies in ultra-
fast spectroscopy of chemical reactions and illustrate the applications
to different classes of reactions.

EXPERIMENTAL METHODOLOGY

The general ultrafast spectroscopic technique utilizes two ultrashort
laser pulses (picosecond or femtosecond) in a pump-probe configu-
ration in a molecular beam (or, in some cases, in low-pressure gases).
In essence, one laser pulse is used to excite the molecule of interest
and initiate the reaction. The second pulse is then used to probe for
the formation of products (or perturbed fragments) — or the deple-
tion of the reactant — at some later time. As is the advantage in all
pump-probe experiments, the limit of the time resolution is deter-
mined solely by the width of the laser pulses used. In the examples
presented here, this varies from 40 fs to approximately 10 ps. In Fig-
ure 1, the experimental setup is shown schematically for one of our
picosecond systems, emphasizing the lasers involved and the molec-
ular beam apparatus. The details of the ps/fs laser systems used in the
different studies are described elsewhere (5-13).

The incorporation of two independently tunable dye lasers has
broadened the scope of possible experiments. Two independently
tunable lasers are required for the large number of systems where
state-to-state reaction rates are measured. In these cases one can ex-
cite a well-defined reactant state and then selectively monitor the for-
mation of particular product states by appropriate tuning of the probe
pulses. For femtosecond experiments, the tunability of the probe is
essential for observing spectra of perturbed fragments.

Most of the experiments presented in this article were performed
on samples cooled in seeded supersonic expansions. The beam appa-
ratus consisted of two differentially pumped chambers. One chamber
housed a home-built supersonic valve that was pulsed at the laser-
repetition rate and was capable of heating samples to ~200 °C. Ei-
ther the beam was interrogated in this chamber, where laser-induced
fluorescence (LIF) detection of the products is performed, or the
beam was skimmed and allowed to enter the second chamber, where






























