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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

SCIENTIFICALLY, ECONOMICALLY, AND POLITICALLY, this book and the sym-
posium on which it is based mark a turning point that’s been a long time in
coming. Basic and applied research in laser chemistry is being directed to a
broader range of possible advantages of using lasers as agents of chemical and
physical change. The initial surge of interest in lasers as "molecular scalpels"
began in the 1960s and now has evolved into a list of types of laser chemistry.
One result of this evolution is the perception that metal-containing systems,
and in particular organometallic systems, have characteristics that are some-
times uniquely synergistic with the basic properties of laser excitation. This
book appraises the current state of the laser chemistry of organometallic sys-
tems within the conceptual framework presented in the first chapter.

Fundamental research is best approached by choosing to obtain the most
detailed information possible on the simplest possible chemical and physical
systems with the greatest control of all relevant parameters. This ideal may be
considered a luxury in the future because applied research often requires mak-
ing the best judgments possible based on the limited information at hand. Fun-
damental research may become more difficult to pursue in the future and cer-
tainly not because all important questions have been answered or even
addressed. This situation is a simple consequence of the economic and political
pressure to turn our attention to the study of chemical and physical systems
with near-term commercial value. For the past few decades, the U.S. govern-
ment has fostered the growing perception that for economic and political pur-
poses, it is time to harvest our cache of fundamental knowledge.

Interest in the laser chemistry of organometallic systems is not only the
result of the desire for new commercial applications; it is also a natural conse-
quence of the desire to observe new phenomena and thereby understand the
applicability of our current fundamental pictures to more complex phenomena.
That is, simple curiosity drives this research also. Systems that involve large,
complicated molecules in dispersed and condensed media are being studied
using methods previously reserved for the study of atoms and diatomics under
collisionless conditions. Conceptually, the importance of studying the transition
from fundamentally simple to fundamentally complex systems, for purposes of
deducing underlying scaling laws and the means to manipulate matter and
energy in new ways, is important to understanding why the research in this field
is beginning to escalate, why the research in this field is important, and why
there is a need for the information to be presented now.

This book attempts to survey a broad range of chemical and physical
research, fundamental and applied, that defines the current state of laser chem-
istry of organometallic systems. The book’s scope is intentionally expansive to
provide an introduction to laser chemistry for scientists and engineers with the
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widest possible range of interests. One of my intentions was to provide an entry
point into the primary literature of laser chemistry that spans the catalysis,
ceramics, microelectronics, photonics, and materials research fields. It should be
useful to undergraduate and graduate students who want an introduction to the
field of laser chemistry as well as administrators and managers who want an
overview into the field as it currently stands. The level of presentation should
be accessible to readers with an advanced undergraduate background in physical
or inorganic chemistry.

This book should be unusual and useful to many specialists in laser chemis-
try in the sense that I have invited the authors to speculate more than is cus-
tomary in the primary literature. I have invited them to disagree, and I have
made no effort to obtain a consensus on anything because the field is still
rapidly evolving. I asked only that they make an effort to identify some connec-
tion with the conceptual framework I present in the first chapter.

Some presentations in the symposium were modified because of confiden-
tiality requirements of the scientists’ industrial employers. For these chapters,
my judgment was in the spirit of applied research: It’s better to have some
information than none at all.

Acknowledgments

Many companies and organizations made generous financial contributions.
Without them, the symposium would not have been possible: Coherent,
Lambda Physik, Lumonics, EG&G—PAR, the Petroleum Research Fund as
administered by the American Chemical Society, the Divisions of Inorganic
Chemistry, Inc., and Physical Chemistry of the American Chemical Society, and
Syracuse University’s Vice President for Research, Ben Ware. Between the
time the symposium was planned and the time it occurred, the Russian ruble
was devalued three times and the Canadian government enacted a spending
freeze. The generosity of the sponsors literally saved 25% of the symposium.
In strategies and tactics, Eric Weitz and J. J. Valentini made many helpful
suggestions throughout. I am particularly grateful to the authors and partici-
pants in the symposium who have done an excellent job in educating me and
each other. Because of a severe family emergency that hampered my editing, I
appreciate the understanding of all those at ACS Books who were involved in
the preparation of this book.

J. CHAIKEN
Syracuse University
Syracuse, NY 13244—4100
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Chapter 1

Laser Chemistry of Organometallic Species

Conceptual Framework and Overview

J. Chaiken

Dej«rtment of Chemistry, Syracuse University,
Syracuse, NY 13244—4100

"Laser Chemistry" refers to chemical processes initiated by the action
of laser(s) on matter. Because of the rapid advancement of relevant
fundamental and applied research over the last several years, a
conference to assess the state of the field is appropriate at this time.
One emerging realization is that a unique synergism exists between
the fundamental properties of laser excitation and the photochemistry
of organometallics so Laser Chemistry of Organometallics was
chosen as the specific focus of this Symposium. In succeeding
chapters, accounts of research in multiphoton processes, metal atom
chemistry, the chemistry of coordinatively unsaturated
organometallics, thin film deposition, and the formation and
chemistry of ultrafine particles and clusters in gas and condensed
phases will all be presented within the unifying concept of Laser
Chemistry of Organometallics. Our goal in this chapter is to describe
this conceptual framework.

The properties of lasers and laser light allow reaction mixtures to be energized
selectively with respect to species, quantum state(s), and temporal and/or spatial
distribution. The composition and physical properties of organometallic chemical
systems can lead to unique phenomena and processes when lasers are used to
energize systems. In the context of specific forms of laser chemistry, we shall
discuss some particular examples in which organometallics provide the possibilities
for unique chemistry. The following chapters describe research which bears on the
processes and phenomena connected in the flowchart in Figure 1. Some of the
fundamental and practical questions which must be answered to discover the extent
of possible applications are evident.

Introduction to Laser Chemistry
The term "Laser Chemistry" is nearly as old as the laser itself with reviews(1,2,3,4)

and patents(5,6) first appearing in the literature in the sixties(7) and continuing(8)
today. Of the good recent reviews available, we choose to mostly follow the

0097—-6156/93/0530—0001507.00/0
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2 LASER CHEMISTRY OF ORGANOMETALLICS

categories and terminology used by Woodruff(!). To survey the unique possibilities
of laser chemistry as applied to organometallics, we first present a very short
introduction to laser chemistry in general, then a short digression into the established
single(9) and multiphoton(10)chemistry of organometallics, and finally a brief
summary of some very recent results of our attempts to synthesize clusters and
ultrafine particles using laser chemistry of organometallics. For clarity in
presentation, we mostly choose specific examples from our own research to illustrate
our main points. No attempt is made to be exhaustive of the literature.

The flowchart on the next page is meant to suggest a certain temporal
separation in a sequence of events, which taken together, could be called "laser
chemistry of organometallics.” The first stage is the laser excitation process. The
second stage is the chemistry of the nascent distribution of species and states. A final
stage describes still longer time scale chemistry and is convenient if one is concerned
about producing materials which are subsequently removed from a reaction vessel
and subjected to some other processing or aging in the course of characterization.
This could also correspond to sintering in the case of ceramic particle chemistry or
possibly to post-deposition annealing in air in the case of transparent metal film
deposition. Further discussion and examples of each stage follow.

The chart is labeled to suggest that the process can occur either
homogeneously in gas or condensed phases, or heterogeneously involving a number
of phases. These questions of phase set the context of the mass and energy transfer
characteristics for the laser chemistry. Thus terms like "film-phase” arise in the
application of the flowchart to processes like laser chemical vapor deposition.
Although not necessarily involving an organometallic, the same scenario can be
applied to the use of laser ablation to rapidly produce gas phase metal atoms from a
metal rod(see Hackett's chapter). Although the laser provides a unique form of
excitation, much of the chemistry which occurs after laser induced species begin to
exist is dictated by kinetics and thermodynamics consistent with those mass(11) and
energy transfer(12) conditions. Bauerle's chapter give an introduction and analysis of
some of these issues with regard to modelling such systems. Singmaster's chapter
presents the current state of the well studied process of laser chemical vapor
deposition of metal films using metal carbonyl precursors.

The net result of the laser excitation is to convert an organometallic into either
metal atoms, metal ions, or coordinatively unsaturated species, or some mixture of
all of the above and ligands, which can then participate in materials chemistry or
catalysis. Questions associated with mechanisms for unimolecular
chemistry(13,14,15,16,17) are therefore of paramount importance during the first
stage because they determine the internal state distributions of the atoms which then
may participate in bimolecular chemistry. If ionic species are to be used as reactants,
they could be generated directly via a uv-visible multiphoton process. Laser induced
discharges(18,19) or other methods(20), are also available in which the ions are
mostly formed by electron impact phenomena. The internal state and species
distribution of these nascent ionic species would often be interpreted in terms of
quasi-equilibrium theory(QET). In any case, some recently explored spectroscopy of
organometallic ions is described in Kimura's chapter.

In the single to few photon range, IR excitation can only lead to the kinds of
laser chemistry Woodruff calls either selective heating or vibrationally enhanced.
Thermodynamics dictates that IR laser excitation can only lead to dissociation via
nearly simultaneous absorption of at least a few photons and such multiphoton
dissociation tends to produce neutral fragments. Visible and shorter wavelength
excitation tends to produce ions in the multiphoton limit. In the single photon limit,
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1. CHAIKEN  Conceptual Framework and Overview 3

Fragmentation of gas/film phase organometallic species
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RRKM, IVR, IER, QET, internal energy redistribution

‘direct’ dissociation weakest bond(s) break first
excited state production ground state production

incomplete energy redistribution complete energy randomization

large translational energy release <10' nsec minimum translational energy release,

(" kinetics, mass transfer
thermodynamics
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\. film deposition/ablation
-

100 msec-days 3 :

film phase kinetics
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Figure 1. Flowchart describing laser chemistry of organometallics as a
crudely separable sequence of events.
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LASER CHEMISTRY OF ORGANOMETALLICS

uv-visible excitation can lead to selective ligand labilization. In general(16,17),
processes are termed "thermal” when their products are formed by rupture of the
weakest bonds of the precursor and produce "reactants" for subsequent chemistry
which are relatively cool translationally. Alternatively, "direct" dissociation processes
are conceivable in which non-RRKM like behavior competes with the more
commonly observed thermalized processes.The distinction between thermalized and
direct processes is summarized in Figure 1.

One type of study which bears on the intrinsic propensity of organometallics
to internally redistribute energy is the multiphoton ionization experiment. The
chapters of Gerrity, Wight and Belbruno review this field and present some new
results. Hossenlopp's chapter gives new data on some of the largest organometallics
ever studied in this way and Garvey's chapter describes multiphoton processes
involving clusters containing organometallics. Given the net effects of size and the
presence of loosely bound "solvent" molecules, these chapters would seem to give
some idea of the variation in multiphoton processes as the medium which is being
excited becomes more "condensed".

Of the general types of laser chemistry schemes, a few may be particularly
relevant to organometallics. The idea of "bond selective chemistry", in which lasers
are used to cleave one or more chemical bonds, while leaving the others in the same
molecule unaffected, has been the basis for a variety of fundamental(27,22) and
applied studies. Early research in the bond selective chemistry field focussed on the
study of isomerization reactions of small organic molecules and infrared, i.e.
vibrational state selective, excitation. These studies ultimately showed that
intramolecular vibrational relaxation(IVR) will almost always cause unimolecular
chemistry consistent with RRKM theory. Regardless of these intramolecular
processes, collisions with many species are also very effective in causing energy
redistribution with a variety of manifestations. Jackson's hapter presents a review and
arevealing case study of the effects of such collisions on the multiphoton
dissociation of the organometallics.

The photochemistry of organometallics, in particular those having carbonyl
ligands, is dominated by ligand labilization. Laser chemistry based on classical
organometallic photochemistry(21,22) is rationalized on the basis of ligand
labilization being a strong function of the electronic state to which the organometallic
is excited. Some cases do suggest the possibility of non-RRKM type behavior but
the general question of whether electronic state selective ligand labilization occurs in
organometallics remains to be completely settled. In Woodruff's terminology,
bond/mode specific chemistry is unimolecular and involves only a single reactant.
Koplitz's and Bartz's chapters give an indication of the type of measurements which
are at the current state of the art. Unimolecular photodissociation is a case where the
intrinsic properties of organometallics would seem to be adequately synergistic with
laser chemistry to lead to commercializable processes.

Purely unimolecular photochemistry such as isomerization or fragmentation
to form coordinatively saturated species may have some practical significance, but
the likelihood is small because the net quantum yield of the first step cannot exceed
unity. In the context of laser chemical synthesis of catalysts, calculations(23) which
include all costs, including the high relative cost of laser photons, suggest that only
"net" yields far in excess of unity will be commercially viable processes. The net
yield includes the product of the unimolecular yield and the turnover number of the
catalyst. Equivalently, laser synthesis of materials must produce a particularly high
value added product to achieve economic viability for the whole enterprise.The work
Rice, Bauerle and Comita described in their chapters in this book are possible
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1. CHAIKEN Conceptual Framework and Overview

examples of such catalysts or value added materials. Comita's work is particularly
novel because the organometallic precursor is a type of organometallic polymer.

The practical significance to observing bond/mode selective chemistry seems
much more likely to reside in the chemistry which occurs subsequently involving the
reaction products. Woodruff refers to the preparation of unique reactants for
subsequent chemistry which are unique by virtue of their identity as "nonspecific
laser chemistry." Photogenerated catalysts are a prime example of a material which
potentially has a quantum yield for the net chemistry initiated by the laser far in
excess of unity. Here the econmoic viability must reflect the costs of the starting
materials and energy going into catalyst preparation and the turnover of reactants into
products promoted by the catalyst. On the other hand, if a catalyst can be prepared
which has unique properties(see Rice's chapter), e.g. selectivity, then the price
differential can be recalculated and may be much more favorable.

A different example in the general genre of laser chemistry involves the idea
of "selective heating" of one component of a mixture and is the basis for laser isotope
separation(24,3). In cases of state or species selective excitation, macroscopically
significant amounts of matter are often necessary for large scale synthetic
applications. Although fundamental research can often be conducted with relatively
small amounts of materials, the question of scale-up is but one which must be
addressed to determine the commercial viability of a potential application. In a
different type of example, ultrafine particles can be synthesized using organometallics
in nozzles and a laser supplying energy to the reaction mixture by addition of a
sensitizer to the flow. Selectively introducing energy into a complex mixture is a
means for enhancing the chemistry of one component of the mixture.

So-called "classical photochemistry" with lasers offers the potential for
preparation of unique quantities of reactants, with unique spatial and temporal
properties. Because reasonably high vapor pressures can be obtained with
organometallics, laser pyrolysis can be used to produce large gas phase quantities of
highly refractory metals. As in the production of ceramics with the selective heating,
metal clusters can be formed directly from the organometallics by thermalized laser
induced processes. It is also possible that electronically excited metal atoms have an
enhanced tendency to nucleate(25,26). The effect of the initial steps of the cluster

growth process must not be underestimated. For example, Xep~ clusters(27) are

unstable to destruction by evaporation for n<6. However, once formed, Xeg", allows
formation of a broad distribution of stable sizes by a continuation of the coalescence
process. As a means for utilizing metal atoms as reactants for small scale synthetic
chemistry or fundamental studies, there is a synergism involving the photochemical
properties of organometallics and laser excitation. The chapters by Hackett, Rayner,
Mitchell, and Weisshaar give an idea of the type of research being conducted
presently concerning metal atoms and clusters. The bimolecular chemistry of
coordinatively unsaturated organometallics with free ligands and other coordinatively
unsaturated organometallics is described in the chapters by Weitz and Weiller.

In addition to the distinction between multi- and single photon processes
being particularly important in the context of organometallic laser chemistry, the
distinction between "single and multiple" kinetic pathays is also particularly
important. Weitz's pioneering use of kinetics properties for the assignment of
transient IR spectra produced after laser excitation of a gas metal carbonyl, relys on
supressing reactions between coordinatively unsaturated organometallics, by addition
of an excess of free carbon monoxide. The reactions between these species, which
leads to clustering and is an example of what might be called multiple kinetic
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LASER CHEMISTRY OF ORGANOMETALLICS

pathways. When one has reaction conditions which only leads to one set of reactions
between the nascent photoproducts and some other added component, one is in the
single kinetic pathway limit. Clusters and ultrafine particles are produced by multiple
kinetic pathway processes, i.e. agglomeration, and molecular species are produced by
single kinetic pathway processes. Since lasers can be used with organometallics to
produce high vapor pressures of very refractory metals, multiple pathwyas quickly
become important.

Other potential types of laser chemistry have been proposed but we have
restricted our attention to those which we currently suspect might possess some
special potential or synergism for involvement of organometallics. The remainder of
this chapter will survey characteristics of some of the types of research being done to
investigate the first two stages of laser chemistry of organometallics. One goal is to
focus attention on the meaning and value of some commonly used assumptions used
to rationalize laser chemical experiments. Opportunities for advancement of
fundamental science and potential applications are evident from this survey. As a
new example from our own recent research, we describe how the chemistry of metal
cluster formation provides a context for comparing the properties of laser chemistry
of organometallics to those of other currently used synthetic methods. To this end,
we present a short description of a model for systematizing and interpreting cluster
and particle size distributions.

Multiphoton vs. Single Photon

The following chapters present a few histories of the earliest attempts(10) at
measuring the effects of propagating a laser through an organometallic. In this
overview, we only consider the most general picture and we begin by asking how we
can anticipate the major effects of laser irradiating a chemical system containing an
organometallic molecule. Thermodynamics, i.e. standard energetics from a variety of
sources, provides a set of expectations relating the amount of energy transferred from
the laser pulse to the reacting system, to the product(s) which such a system can
subsequently form. Given adequate thermodynamic information of sufficient
precision, comparison of products detected with the energy content of a single photon
allows a calculation of the number of photons which had to have somehow been
imparted to the chemical system. An independent approach, based on rate equation
treatments of the multiphoton excitation/dissociation process(28), involves
interpretation of a measurable quantity known as the power index for the process.

A variety of criteria are employed to determine the power index of laser
induced excitation. By definition, a measure of excitation must be identified, e.g. a
reaction product, and the scaling of its efficiency for production with increasing
applied laser fluence determined. When a power law dependance is evident, the slope
of a log-log plot of that type of data is what is commonly referred to as the "power
index." In the limit of rate equations being a valid treatment(29), the power index will
be equal to the number of photons absorbed during the rate limiting absorption step
needed to produce the observed net excitation. Knowing the number of photons
required to obtain a specific level of excitation is an important first step in describing
the precise mix of species produced by the laser pulse. An index of 3/2 is appropriate
for the simple expansion of the focal volume(30) with increasing energy content.
This interpretation of the power index is only valid above the threshold power needed
to induce the multiphoton process in question.

For practical purposes, general rules for predicting the threshold for a
particular effect would be very useful. The threshold for single photon excitation is
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1. CHAIKEN Conceptual Framework and Overview 7

easily obtained from simple absorption spectroscopy. We describe a simple
experiment, which has been described in detail elsewhere(31), which shows that for
organometallics, the threshold for inducing multiphoton processes can often be
surprisingly small. Consider the one color multiphoton excitation experiment
depicted in Figure 2. A very loosely focussed laser beam intersects a supersonic
expansion containing benzene chromium tricarbonyl(BCT) thereby initiating the
multiphoton process depicted in Figure 3. To obtain this data, a 1 meter lens focused
an initially 4 mm diameter laser pulse from a Lambda Physik FI2002 dye laser. The
interaction of laser beam with the symmetry axis of the molecular beam occurs =10
cm from the center of the laser focal volume. We detect whatever excitation was
imparted by monitoring emission from a well defined observation zone downstream
roughly =5 cm downstream. A set of scans of the 783 <--- TDj transition(=354 nm)
using different laser powers is shown in Figure 4.

It is clear that substantial amounts of a net three photon (minimum) process
can be driven by as little as a few tens of microjoules of uv-visible light delivered in a
loosely focussed twenty nanosecond duration pulse. The atomic transition is resonant
with the laser wavelength but is nominally forbidden. The wavelength of the incident
photons in this one-color experiment was chosen such that the first photon absorbed
is resonant with at least some allowed rovibronic transitions of the parent molecule.
Since there only broad, spectrally congested absorption features(32), it was assumed
and later indirectly confirmed(33), that over moderate ranges of laser wavelength, a
few nanometers and away from any resonances, the power index is constant. The
observed power index for this transition in the low power limit was only = 1. In
addition to showing that the power index cannot be invoked with impunity, these data
provide empirical proof that at least in some cases, large volumes of static
gases/reactants can be processed by either one or multiphoton processes. Given
commercially available tunable lasers capable of producing multi-millijoule,
nanosecond duration pulses, volumes into the 101 cm3 range can be used for
reactions. Excimer lasers produce 101-103 millijoules per pulse and it is clear that in
some cases, the processes which are induced are not very sensitive to the exact choice
of wavelength.

The above excitation process was observed under collisionless
conditions(excitation occurred>50 nozzle diameters from the source) and still posed
interpretative problems. Single color multiphoton dissociation(MPD), multiphoton
ionization(MPI) experiments(34,35) are the simplest types of multiphoton excitation
spectra one can produce. In the MPD case, the excitation is detected by observing the
presence of neutral fragments and, in the MPI case, the excitation is manifested by
the production of ions from the irradiated molecules and atoms. The emission type of
experiment like that described in the preceding paragraphs is an example of an MPD
experiment. Effectively, ground state metal atoms, produced by a MPD process, are
detected by laser induced fluorescence. Such experiments, either as static bulk gas or
flows of various kinds, also correspond to conditions which could easily be
inexpensively commercialized.

Figure 5 shows the power index for the static gas MPD/MPI of benzene
chromium tricarbonyl as a function of the total added argon pressure. The behavior
of the ionization signal itself as a function of added buffer gas has been
described(18,19) and is less sensitive to the effect of the buffer gas on the
multiphoton process than on the laser induced discharge following the MPI events.
On the other hand, the power index is an important measurement because it contains
dynamical information in spite of the complicated sets of processes which can occur
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Figure 2. Apparatus for observing long time emission from metal atoms
formed by MPD of organometallic in a supersonic expansion.
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Figure 3. Energy level representation of excitation sequence
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Dependence of power index for MPI of benzene chromum tricarbonyl
on pressure of added buffer gas(Ar) at 27936 cm-1

3.0 1

281 @

2.6 o

2.4

index

2.2

2.0 1

1.8 a o]

1.6 —/m—m——m—mm—-/——m——7x—r
0 2 4 6 8 10 12

-

pressure(torr)

Figure 5. Graph of power index corresponding to formation of 7P3 Cr
atoms from MPD of benzene chromium tricarbonyl as a function of pressure
of added Ar buffer gas.
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subsequent to the passage of the laser pulse through the system. The chance exists
that it can be interpreted physically. The problem here is that there are a variety of
parameters which are necessary to construct a model. Again we see that finding the
number of photons needed to produce an excitation is not as simple as simply
measuring a power index. The power index is clearly a function of buffer gas
pressure. To illustrate the kinds of complexities that can arise, consider that in cluster
formation using laser chemistry of organometallics, buffer gas pressure is an
important process parameter which is defined to insure appropriate post-MPD mass
transport conditions. However, probing the effect of collisions on the multiphoton
process itself, is an important first step towards anticipating the interaction between
process control parameters. Such probing would also be an initial step towards an
analytic approach to describing multiphoton processes in condensed phases.

Even if one knows the power index, it is an empirical fact that it is nearly
impossible to attain a perfectly uniform spatial illumination pattern. Thus the power
index is a function of the spatial position within the laser focal volume. In an attempt
to explore this effect, consider the experiment depicted in Figure 6. The laser pulse is
probed after it initiates an ensemble of MPI events. The pulse is magnified by a
factor of roughly 50 and projected onto a screen marked with a grid. A single
detector is placed at different positions on the grid and a power index is measured.
Thus the correlation between the total amount of ions produced by the entire laser
pulse and the amount of light present in that quadrant/grid space can be measured.

Using thousands of laser pulses for each determination, the power index is
largest in the center of the laser pulse, as high as =3.5, and diminishes to 0.0 as the
detector probes the light near the edges of the focal volume. The correlation
coefficient behaves similarly and that is what is shown in Figure7. While it is
possible to obtain extremely even illumination, it is still true that during the duration
of a standard nanosecond laser pulse many products can be formed early in the laser
pulse which are transported either into or out of the focal volume. Species which
move into the focal volume after an initial multiphoton event have a greater chance of
undergoing another event and thereby increasing the net power index. So the
variation in power index need not be solely due to a greater power density near the
center of a laser focus.

Although the examples given pertain mostly to use of nanosecond laser
pulses, it is clear that some of the fundamental considerations employed bear on the
use of other lasers with other types of samples. Very different behaviors can be
observed and some of these will be discussed in the chapters which follow. Without
any attempt to be exhaustive, it is clear that multiphoton as well as single photon
processes are probably possible on commercially meaningful scales. On the other
hand, it is also reasonably clear that a variety of processes can and usually will occur
simultaneously in laser chemical systems and unravelling these various processes
can be challenging. For example, the selectivity of multiphoton processes in
processing organometallics will be discussed extensively in several of the chapters
which follow. As a species selective method of promoting gas phase reactions
involving refractory metals, laser chemistry of organometallics presents some
unrivaled possibilities. The possibility of adding state selectivity, achieved by either
judicious choice of organometallic precursor(36) or excitation conditions, is still a
controversial proposition.

Stage Two: Laser Chemical Cluster Synthesis As An Irreversible Fractal
Aggregation Phenomenon

Rapidly transforming a gas phase organometallic containing mixture to atoms and
other fragments sets the stage for unique chemistry to occur. Some of the chapters
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Figure 6. Schematic diagram showing method for correlating spatial
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which follow are concerned with the type of "single kinetic pathway" chemistry
involving metal atoms, ions and coordinatively unsaturated organometallics which
occurs in that complex laser produced mixture. In this, the final section of this
chapter, we describe one type of process, cluster and ultrafine particle production,
which was recognized very early on as a potential use of laser chemistry involving
organometallics. This type of chemistry, which we referred to above as being
comprised of "multiple kinetic pathways" and for which the phenomenology and
experimental aspects are well described by Puretzky, starts off exactly where the
chemistry described by Weitz, Weiller and others stops. Because these authors do
such a good job with describing the "single kinetic pathway" limit, no further
mention will be made except to note that Figure 1 in Hackett's chapter is a good basis
for depicting the distinction between the two limits.

The earliest work on what Friedlander(37) calls "gas to particle conversion”
began appearing in the mid-1970s. Tam(25), Bauer(42), Haggarty(38), Yardley(39),
Rice(40), Yabazuki(26), Scheive(41), and others all contributed to a picture which is
still evolving. At the time, attempts to measure, model, and to fundamentally
understand the process, employed concepts of supersaturation(42), nucleation, and
bimolecular interactions. The effect of the electronic state of the monomers on the
nucleation process was immediately recognized as was the importance of internal
cooling of the nascent products of aggregation. The internal cooling is required to
keep the clusters from evaporating off smaller fragments. Without such energy
transfer from the clusters there would be no cluster formation. Whereas simple
statistics supports the proposition that bimolecular interactions are the most
important, the relative role of monomers, dimers, trimers etc. in the aggregation
process has not been elucidated. Perhaps the most important measurement missing
from these early studies of laser produced particles and clusters was size distribution
histograms. Given the extreme fundamental(43,44) and applied
interest(45,46,47,48,49,50)in clusters and ultrafine particles, and the expected
tendency of electrical, optical and chemical properties to be size dependant, such
histograms would seem to be very valuable when obtainable.

Recently, production of metal and other clusters by entrainment of metal
atoms into nozzle beam expansions has produced many(51,52) such distributions.
Whether the metal atoms are produced using ovens, laser evaporation of metal rods
or some other methods, mass spectrometry has allowed a large increase in the
number of distributions which can be catalogued and studied. Earlier attempts(53) at
obtaining size distributions using electron microscopy were the most successful
when the clusters were made using the evaporating wire method. Of course, mass
spectrometrically determined distributions present the possibility of artifacts marring
the measured histograms due to fragmentation competing with ionization. The
electron microscopic approach offers the possibility of artifacts(54,55) arising from
the coalescence of smaller clusters after they have been collected from their nascent
location, depth of focus effects or even other sources.

We became interested in such distributions after obtaining a few size
histograms of platinum clusters produced using laser chemistry of
organometallics(56). We found that it is possible to use the lognormal distribution to
compare distributions from all the methods used to produce gas phase clusters. The
lognormal distribution has been in common use for small particle characterization for
nearly 150 years(57). It's value was essentially empirical at best since there were no
analytic mathematical connections between it and the gas to particle conversion
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process that did not employ random numbers. Curiously, it became apparent that
except for some histograms produced using the bell-jar evaporating wire approach,
all the other distributions had a common variation from the standard lognormal
distribution. They all produce a distribution deficient in larger clusters compared to
that consistent with a pure lognormal distribution. In fact, with appropriate scaling,
despite the fact that the distributions ranged from ensembles of small clusters
containing at most some dozens of atoms/monomers, to ensembles in which the
smallest clusters contained hundreds and thousands of atoms, all the distributions
were essentially identical in overall shape.

For all the distributions which have been measured experimentally, and the
painstaking on-going search for "magic number" cluster sizes within those
distributions, there has been almost no work whatsoever in analyzing what the size
distribution function should be assuming the absence of magic number effects. The
remainder of this section is devoted to describing our recent work toward achieving a
method for analyzing nascent cluster size distributions. In our view, this is a purely
kinetics problem which we believe must be solved satisfactorily before much of the
data which already exists concerning gas phase clusters can be interpreted in such a
way as to separate the measurement of the clusters' properties from the intrinsic
properties of the cluster formation process.

The simplest set of assumptions concerning the aggregation process are
contained in Smoluchowski's(58) model which is now almost 80 years old. We shall
embrace this approach in which only binary collisional processes are considered
relevant. We will assume that larger clusters are formed irreversibly by the
coalescence of smaller clusters. We assume that the only method for cluster
destruction is when clusters coalesce with one another to make larger clusters. Thus
we have 1, the Smoluchowski equation for the time rate of change of a k-mer
population in terms of the current populations of all cluster sizes.

dng _ 1 k-
—==— 3
at 2= 1

The Kj j are called kernels and contain the crossections and relative velocities to
combine with the explicitly indicated number densities, nj and nj, to obtain the rate of
collision between the i-mer and j-mers. There cannot be any assumptions of steady
state because the distribution simply gets broader and shifted to higher average
cluster sizes with increasing time. Assumptions regarding the lack of boundary
interactions, changes in temperature and depletion of reactants are ignored in this first
approximation. The problem is sufficiently complicated even without these
potentially important issues being raised.

Ignoring any coalescence/destruction channels is probably wrong if we are to
form a quantitative model of the cluster formation process. Earlier work coming
from the literature of homogeneous nucleation(59) nearly always focussed on cluster
growth by successive addition of monomers and not by cluster-cluster coalescence.
To obtain the essence of the problem, including formation and destruction by all
binary collision channels seems to impart sufficient detail to form a basic
quantitatively useful model. It is now clear, however, that to properly analyze magic
number relevant measurements, evaporation/destruction pathways for at least a few
cluster sizes just larger than certain magic number sizes must be included.

What would we hope to obtain from measurements of cluster size
distributions? Structures, thermodynamic properties, and measurements of other
internal properties which would mediate the interactions between clusters and other
species in various chemical and physical environments are the goals of this research.

1 oo
1Ki.k-i"j"k-j - nk_>:1Kj,kNj
]=
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The Smoluchowski model only introduces one type of parameter and that is the
crossection for collisions between i-mers and k-mers. Since every collision is
assumed to lead to coalescence, the physical size of the crossection may have no
obvious connection with the size of the cluster. The only parameters which enter the
model are the crossections, temperatures and number densities which determine the
mass and energy transfer regime in which the aggregation phenomenon is assumed
to occur. The latter two parameters are not really adjustable since they are fixed by
experimental conditions whereas determining the crossections is one goal of the
model. The crossections are the connection between dynamical interactions, e.g.
collisions, and the static energetic, i.e. thermodynamic, properties of the endpoints of
the trajectories.

If the aggregation phenomenon is assumed to occur in a low total pressure
regime, then the mass transfer is said to occur by "ballistic" interactions in which the
usual terms from gas kinetic theory are relevant, i.e. mean free path, collision
frequency, to describe the means by which the coalescing partners find each other. In
this limit, the mean free path is long compared to the average cluster dimensions. On
the other hand, the term "diffusive regime" is used to signify the fact that under
higher total pressure conditions, the coalescence takes place by partners finding each
other by diffusion. Analytical expressions in either regime can be constructed to
implement the Smoluchowski treatment, i.e. calculate the kernels, but at some point it
becomes necessary to make at least some assumption regarding the behavior of the
crossections.

As Friedlander showed nearly twenty years ago, even the simplest
assumption made regarding the variation of coalescence crossections with varying
sizes of the coalescing species has important consequences. One method to obtain the
size of a cluster is obtained by summing the volumes of all the monomers and
calculating the radius of a sphere with an equivalent volume. In this case, there is an
implicit assumption that the cluster is globular and other possibilities also exist for
simple minded assumptions. The most important consequence of these
considerations is that the kernels which drive the Smoluchowski equation are a
homogeneous function of cluster size. This homogeneity is best summarized as in
equation 2.

K(MiAj) = A2@K(i,j) 2

Given the homogeneity condition specified above, it is possible to obtain general
solutions to the Smoluchowski equation in the long-time, large cluster size limit.
Jullien(60) has shown that the size distribution function is of the form given in
equation 3.

nk = A k% ebk 3

The parameter ®, defined in terms of a and b in 3, is called the homogeneity
exponent and can be decomposed into a few other parameters such as the fractal
dimension of the clusters, the fractal dimension of the trajectories the clusters execute
between coalescence events, the scaling of the clusters translational energies with
increasing cluster sizes, and the dimensionality of the space in which the coalescence
phenomenon is assumed to occur. We have recently described these parameters in
detail elsewhere(61) but it is worthwhile to point out that regardless of the ethereal
quality of their monickers, they are real parameters which can be rigorously defined
from first principles.
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By some rather simple algebra, it is possible to show that Jullien's solution

very closely mimics the lognormal distribution.
nge<C e'(%m)z

The most significant deviation occurs at larger cluster sizes, in agreement with our
observation that all the observed experimental distributions were deficient in large
cluster sizes relative to the pure lognormal distribution. We suspect that the historical
significance of the lognormal distribution derives from its resemblance to the
asymptotic solution to the Smoluchowski equation. It should be pointed out that
although Jullien was able to guess the solution based on a mathematical
homomorphism between classical statistical mechanics and the the highly
interconnected kinetic pathways that permeate the Smoluchowski picture, such a
homomorphism is not at all needed to show that the solution is correct . Thus, the
homomorphism therefore need not have any physical significance.

To immediately appreciate the utility of our analysis, we have plotted data
taken from the literature concerning aluminum clusters using logarithmic scales. A
lognormal distribution plotted in this way is rigorously an inverted parabola. This is
clearly evident in the plot shown in Figure 8. The point of this plot is to show how to
obtain the most probable cluster size from an experimental histogram. Jullien
showed that using equation 4, it is possible to use such an experimentally obtained
histogram to obtain the homogeneity parameter . The average cluster size is
obtained directly from the 2n_c>:asured distribution.

k

—a+1 _20-1
Km b 20 4

Using these equations it is possible to catalogue values of @ which is supposed to
only be a function of the nature of the monomer and the reaction mass and energy
transport conditions.

The mere fact that the model we have described is applicable to experimental
data suggests that the basic premise of homogeneity is at least loosely obeyed. This
means that the smooth variation in clusters size and shape and mass with increasing
number of monomers is more important in determining the behavior of the
aggregation process than are the presence of any magic numbers or special shapes.
For a given k-mer, the larger k is, the more structures exist and, although possibly a
number of structures and conformations exist, only the average behavior is
important. The details of interaction potential surfaces are not very important unless a
cluster size is being considered which could correspond to a magic number. Much
more discussion of these concepts(60,61), as well as a description of the fractal
dimensions listed above, can be found elsewhere.

We choose as a final demonstration of the utility of this model to consider the
formation of a magic number cluster(62). Whether a number is "magic" because of a
shell closing or because a bonding mode within the cluster can be found which fully
saturates the coordination capacity of all the monomers, the crossection for addition
of any specie to the fully saturated magic number cluster is probably much smaller
than would otherwise be expected based on the homogeneity exponent. As an
extreme example, we assigned all kernels involving the coalescence, and thereby
destruction, of 60-mers and 70-mers with any other cluster size to be zero. We
assigned all other kernels consistent with ® =-0.7. As can be seen in Figure 9, while
the overall distribution looks much like it did without the arbitrary breaking of the
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Figure 9. Results of integrating Smoluchowski equation with all kernels

for 60-mer and 70-mer assigned to zero. Upper plot shows population of 60-
mers and 70-mers compared to rest of distribution. Bottom plot is same
simulation but with a expanded scale so that shape of overall distribution can be
seen. The oscillations at small cluster sizes are an artifact of the particular
integration method used for solving the Smoluchowski equation. They
disappear when more appropriate methods are used.
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homogeneity, the population of 60-mers and 70-mers are clearly much larger than it
would otherwise be. Note that if only monomer addition was important for cluster
formation, then all coalescence would stop at the formation of a 60-mer. Since
experimental data showing formation of clusters on both sides of magic numbers is
quite common, it is clear that only cluster-cluster coalescence allows direct formation
of clusters larger than magic numbers.

This model allows extraction of a single parameter from experimental data,
o, which relates the size distribution function to the nature of the monomer and the
reaction conditions. It rationalizes the effects of kinetics and transport phenomena on
the formation process. We are very optimistic that this model will allow analysis of
evaporation effects, systematic categorization of various monomers in terms of their
bonding/valence modes and their capacity to transfer substantial amounts of internal
energy to various types of collision partners. The ability to describe reactions in
nozzle beams, involving oven-generated metal atoms or atoms from laser heated
rods, and similar reactions involving laser chemistry of organometallics, using a
single formalism, only one parameter, and employing the stages described by the
flowchart in Figure 1, provides a conceptual context for laser chemistry of
organometallics.

Summary and Concluding Remarks

Laser chemistry of organometallics can be described using a flowchart in which the
overall process is considered as three crudely separable stages. We proposed there
are potential synergies between the photo- and physical chemical properties of
organometallics and the types of processes most advantageously initiated/promoted
using lasers. We presented data suggesting that organometallic laser chemistry can
involve either single or multiphoton processes and that at least moderate scale-up is
probably possible in either limit. Once multiphoton processes are employed, then the
excitation process is necessarily not spatially uniform. This may or may not be of
consequence depending on the type of laser chemistry being attempted. The same
parameters which affect the mass and energy transport characteristics of the reaction
mixture can also have an effect on the order of the excitation process. Again, this
may or may not be of consequence depending on the type of laser chemistry being
attempted but it is an example of a type of chemical nonlinearity which can arise and
ruin our attempt to separate, if only conceptually, the overall process of laser
chemistry into various stages. Finally, we sketched the major components of a model
for laser chemical gas to particle conversion. This model allows for the formation of
magic number clusters, predicts the relationship of the observed distribution function
to the lognormal distribution and begins to suggest meaningful new ways to think of
the structure of clusters in terms of the properties of the monomers and the
aggregation conditions.
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Chapter 2

Parity State Selectivity in the Multiphoton
Dissociation of Areme Chromium Tricarbonyls

Daniel P. Gerrity and Steve Funk

Department of Chemistry, Reed College, Portland, OR 97202

This chapter discusses results of laser multiphoton dissociation
(MPD) studies of various gas phase chromium carbonyl
complexes, and presents evidence that the MPD mechanism
involves parity selectivity in the production of Cr(I).
Multiphoton ionization (MPI) and fluorescence excitation
spectroscopy have been employed in previous studies to probe
the electronic state population distribution of product metal
atoms in order to gain understanding of the MPD mechanism.
This paper presents results of a new study of the 355 nm MPD
of toluene-, ethylbenzene-, and propylbenzene-Cr(CO)3. The
product population behavior of several emitting as well as
non-emitting atomic states have been measured, and evidence
that the MPD mechanism involves parity selectivity in the
production of Cr(I) is presented and discussed.

The multiphoton dissociation (MPD) of vapor-phase organometallics has
been actively studied for several years (I-14). Early investigations
determined that photodissociation of chromium and iron carbonyls, and
other organometallics, efficiently produces neutral metal atoms in ground
and excited electronic states, while formation of ionic metal atoms is not
significant (/-4). The electronics industry is already exploring potential
applications for producing atomic metal vapors via these reactions, and
these metal vapors could also prove very useful as reactants for an early
stage of what could be termed "Laser Chemistry of Organometallics”. The
mechanism involved in the dissociation process remains uncertain,
however.

The multiphoton dissociation behavior of these metal complexes was
quite surprising when first observed, because it had been well established
that the result of focusing intense, pulsed laser light on the organic
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compounds that had been studied up to that point in time led to ionization of
the parent compound. One explanation for the difference in behavior for
these organometallics is that the rate of dissociation out of the excited
electronic states competes very effectively with the rate of further up-
pumping to the ion. This is not too surprising, since single photon studies
have shown that these species are incredibly photolabile, having very rapid
dissociations, with high dissociation quantum efficiencies (/5-16). One-
photon dissociation of Cr(CO)g in solution results in the loss of only one
carbonyl (/7-19). In contrast, photodissociation of gas phase hexacarbonyls
can result in removal of more than one ligand, depending on the photolysis
wavelength. Eric Weitz's time-resolved infrared work has shown that at
355 nm, gas phase photodissociation leads to loss of only one CO, but as the
photolysis wavelength gets shorter and shorter, more and more ligands are
removed, i.e., as many ligands can be removed as there is energy from the
photon (20). The simultaneous absorption of two or more near-UV
photons would provide enough energy to remove all the ligands; can we
think of the multiphoton dissociation mechanism of these species as being
equivalent to the photodissociation brought about by a single, vacuum UV
photon of equivalent energy? It is hoped that these studies will help answer
this question.

One may also ask if the dissociation proceeds directly, with essentially
simultaneous loss of all ligands, or does it involve the sequential loss of
ligands, proceeding through a sequence of electronically excited fragments.
Whereas the MPD of chromium hexacarbonyl using visible lasers
undoubtedly involves a true MP absorption, at least in the initial step, MPD
using UV radiation could proceed as a series of one-photon
absorption/dissociation steps since the parent compound has significant one-
photon absorption intensity in the UV. That is, absorption of one photon
could lead to partial dissociation, followed by further absorption of a
photon by the intermediate, followed by loss of more ligands, until finally
all ligands are removed. Recent work (8, 9) at 248 nm suggests that one
pathway may include a combination of these two descriptions, with the
parent complex simultaneously absorbing two photons, partially
dissociating into some intermediate, which itself undergoes absorption of
one or more photons and then dissociates into the final products. This
work will be discussed shortly.

An important theme of these studies was built around the exploration
of the possibility and conditions for non-statistical unimolecular reaction
dynamics in these molecules. By monitoring the nascent product state
distribution of the chromium atom, these studies hope to elucidate the
influence of intramolecular vibrational energy redistribution, and the
consequences of the internal structure of the molecule, on the
photodissociation dynamics. One of the questions we hope to answer is,
can one control the distribution with laser wavelength, laser flux, buffer
gas pressure, or by choosing the appropriate ligand? Being able to control
the metal atom product energies could be very beneficial to their use as
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reactants in subsequent chemistry. Ultimately, one hopes knowledge of the
mechanism(s) involved in the dissociation will enable us to control the
photochemical reactions and nonstatistical unimolecular reaction dynamics.
This chapter begins with a brief history of what has been done to determine
these distributions for chromium hexacarbonyl, the first organometallic
complex for which multiphoton dissociation into neutral fragments was
demonstrated to be the predominant MPD pathway. Then, results of recent
studies on a series of arene-chromium tricarbonyl complexes are presented.

Historical Background

Cr(CO)g. A little over a dozen years ago, we, as well as a number of
other groups, showed that pulsed lasers with very short pulse durations, on
the order of nanoseconds, could be used to remove all of the ligands from
various gas-phase transition metal complexes (I/-4). The total bond energy
that had to be overcome far exceeded the energy of one of these photons,
making it clear that the photodissociation process required at least two, and
in some cases the absorption of at least five, photons, to account for the
product energies involved. The high photon fluxes resulting from focusing
these short-pulsed lasers makes the simultaneous absorption of more than
one photon quite probable.

Resonance-enhanced multiphoton ionization (REMPI) and fluorescence
excitation spectroscopy have both been employed to test the electronic state
population distribution of product metal atoms in order to gain
understanding of the MPD mechanism. The original MPD studies of
Cr(CO)g utilized a tunable dye laser with 10 ns pulse duration and 0.3
mJ/pulse to cause multiphoton dissociation and to simultaneously ionize the
resultant Cr(I) atoms via resonance-enhanced multiphoton ionization (2).
As can be seen from the scan shown in Figure 1, the non-resonant
background ion signal is much less than the ion signal produced from the
resonant ionization of a particular electronic state of the neutral atom. Le,
the ion signal is small unless the laser is in resonance (1, 2, or 3 photons)
with an electronic transition of the neutral Cr(I) atom. Therefore, there
are a lot more neutral atoms being formed than ions from the MPI of the
parent or its photofragments; the predominant multiphoton dissociation
products are neutral atoms and molecules, not ions as had been observed
for purely organic molecules. Many other groups have shown that this is a
general property of organometallic complexes; they tend to dissociate
rather than ionize, in contrast to the multiphoton behavior of purely
organic species.

One of the drawbacks of the REMPI detection method is that it is
difficult to get quantitative information about the nascent relative
population distributions of the product. However, only signal originating
from even parity states of the Cr atom product was observed over the
region probed (363-585 nm), which might suggest some sort of parity
selectivity occurs in the MPD process. Since the atomic states of Cr(I) up
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to 23,000 cm-! are all even parity states (i.e., have electronic configurations
with an odd number, or no, electrons in p orbitals), this was not necessarily
the case (Figure 2 shows the lower electronic levels of atomic chromium).
However, transitions originating from even parity states up to 30,000 cm-!
were observed, and there are a number of odd parity states below this
energy. We decided to look for fluorescence from odd parity states, since
fluorescence from many of the lower-energy odd parity states down to the
ground state (a 7S3) or low-lying a 552 and a 5D; states (~8,000 cm-!)
should be dipole-allowed. In addition, fluorescence intensities can be used
to determine the nascent population distributions of the electronically
excited Cr(I) product.

Figure 3 shows a portion of the emission spectrum produced from the
MPD of Cr(CO)g (5). As the data in Table I shows, emission from many
odd parity states with multiplicities of 5 and 7 were observed, as well as
one even parity state (e /Ds). Emission was observed from states with
energies up to 45,700 cm-1; this excess energy exceeds the energy of one
dissociation photon! The sum of all the emission intensities originating
from a particular level can be used as the relative population of that level,
after correcting for detector response and degeneracy. This is because all
of the emission signal is collected from each state, using a boxcar window
which is much longer than the lifetimes of the states observed. MPD
emission data was collected for laser wavelengths across the visible and
near-UV spectrum. Most of these measurements utilized a tunable dye laser
with 10 ns pulse duration and about 1 mJ/pulse. Relative populations of all
levels observed through emission were calculated at 359 and 500 nm. At
the wavelengths studied, these relative populations fit a Boltzmann
distribution (i.e., plots of In(N;/g;) vs. E; were linear), implying that
perhaps some kind of statistical dissociation process was occuring. No
selectivity in spin (S), orbital (L), or total (J) angular momentum was
observed. MPD at 355 nm using a 25-ps laser pulse was also investigated,
and the resulting Boltzmann plot of the data is show in Figure 4. The
observation of anomalously high population in the y 7P °levels due to laser-
induced up-pumping from the ground state shows that a significant amount
of multiphoton dissociation to the ground state occurs within 25 ps, since
up-pumping can only occur while the laser pulse is still on. Thus, the total
dissociation process can occur within 25 ps, at least under these conditions,
and any intermediates requiring more photons to reach complete
dissociation would have to do so within this time.

A study of the laser flux dependence was done at 359 nm using 20-ns
MPD pulses; the results are shown in Figure 5. The plots show
distributions obtained at three different laser fluxes, where the highest flux
differs from the lowest by about a factor of 20. Each of the plots has a
different slope, and therefore a different corresponding temperature, and
the temperature of the distribution increases as the laser flux increases.
This was unexpected, since the amount of excess energy available to the
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Figure 1. MPD/MPI spectrum of Cr(CO)g, showing one-photon
resonance enhanced MPI transitions originating from the a S, state of
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Figure 2. A selection of atomic states for Cr(I).
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Figure 3. Emission spectra of z SF°and y 5P °levels of Cr(l)
produced by photodissociation of Cr(CO)g, showing multiplet structure.

(Adapted from ref. 5.)

Table I. Levels Observed in Emission Following MPD of

Cr(CO)g¢
desig- energy desig- energy
nation J level, cm™1 nation J level, cm™1

zTP° 2 23,305 25F° 1 30,787

3 23,386 2 30,859

4 23,499 3 30,965

4 31,106

2 5p° 3 26,788 5 31,280
2 26,796

1 26,802 z5D° 0 33,338

1 33,424

y P° 2 27,729 2 33,542

3 27,820 3 33,672

4 27,935 4 33,816

y 5p° 1 29,421 eD 5 42,261
2 29,585

3 29,825 y SH® 3 45,566

4 45,615

5 45,663

6 45,707

7 45,741

Adapted from ref. 5.
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Figure 4. Boltzmann plot of the relative populations of Cr(I) excited
states resulting from the MPD of Cr(CO)g. A focussed, 25-ps laser at
355 nm was used for the photolysis. Two sets of data are plotted, both
obtained under similar conditions. The population in the y 7P° level
(~27,800 cm'!) is anomalously high because the laser wavelength is
close to the transition from the ground state to this level.

(Adapted from ref. 5.)
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Figure 5. As in Figure 4, but with a 20-ns laser at 358.6 nm for
photolysis. The three plots represent different laser fluxes, as explained
in the text (X's are the lowest and O's are the highest flux). The
population in the z 5P °and y 7P °levels (~26,800 and 27,800 cm1) is
anomalous because the laser is tuned close to transitions involving these
atomic levels. These points were omitted from the plot and the analysis.
(Adapted from ref. 5.)
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products should be dictated by the energy, and therefore the wavelength, of
the photon, not by the number of photons in the beam. This result can be
explained if the atoms are formed via more than one MPD pathway, with at
least some paths requiring different total numbers of photons. Thus, as the
laser flux is increased, the channels requiring more photons will be favored
because of their higher power dependences, and so the average product
energy will increase because these higher-photon pathways should yield
more excess energy than the channels utilizing fewer photons. Even if each
channel gave rise to a statistical product distribution, with higher
temperatures associated with channels involving more photons, one might
expect that the overall distribution would not give a linear Boltzmann plot.
However, if one calculates the net distribution resulting from the addition
of three thermal distributions, each differing by one photon worth of excess
energy, the net population distribution can approximate that of a single,
strongly flux-dependent "temperature" over the energy range of states we
monitored (23,000 to 43,000 cm-1). For example, 2000, 5000, and
8000 K with weighting factors of 1, 5.5 x 10-3, and 3 x 107, respectively,
gives a linear Boltzmann plot over the region monitored with a
"temperature” of 4600 K, while weighting factors of 1, 1 x 10-3, and 5 x
10-4 gives a "temperature” of 7,600 K. These calculations illustrate that it
does not take much of a higher-photon process to significantly alter the
distribution over this range of energies. Alternatively, the existence of a
large number of non-statistical channels can also give rise to a net
population distribution that appears statistical. Finally, in a stepwise
photodissociation process, a flux-dependent temperature could also arise if
intramolecular energy redistribution (IER) can compete with further
photodissociation of intermediate fragments at lower laser fluxes, resulting
in less excess electronic energy in the Cr(I) product.

The characteristic temperature for the 500 nm MPD (~1500 K) was
much lower than for the 359 nm distribution (6300 K) obtained at about the
same laser flux, indicating that there is a wavelength dependence to the
photodissociation process.

These MPI and fluorescence studies of the MPD of Cr(CO)g indicate
that the dissociation does not involve spin-differentiated Cr(I) states, at least
for the production of the spontaneously emitting odd parity excited states,
and that both even and odd parity states have significant populations. There
is no evidence for parity selectivity in the photodissociation, although the
fluorescence studies only include population data from one even parity
state. To get a more complete picture of what is happening in the
dissociation process requires investigating a large number of both emitting
and non-emitting states at the same time, under the same conditions.

A few years ago, George Tyndall and Robert Jackson used this same
atomic fluorescence detection method to extend these MPD studies of
Cr(CO)¢ into the ultraviolet, at 351, 248 and 193 nm (§). As in our
studies, they observed statistical distributions of the high-lying,
spontaneously emitting odd parity atomic states at all three dissociation
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wavelengths, with a different characteristic temperature for each
wavelength. However, their 248 nm photolysis laser was in resonance with
two allowed transitions originating from low-lying atomic states (a 552 and
a 3DJ), both around 8,000 cm-! in energy, to very high energy states which
readily fluoresced. By measuring the intensities of these laser-induced
emissions, they were able to monitor the nascent populations of these low-
lying states. They used buffer gas studies to investigate the effects of
collisions on the dissociation process. They observed that, whereas the
upper state populations (those that showed significant spontaneous
emissions) were unaffected by the addition of up to 100 Torr of buffer gas
into the cell, the laser-induced emissions from these lower-lying states
decreased sharply as the pressure increased. This difference in behavior
led them to propose that there were at least two different dissociation
channels; one in which a fragmentation intermediate is susceptible to
collisional relaxation (the sequential channel), and one in which
fragmentation is complete within about 1 ns, before many collisions can
occur at 100 Torr pressure (the direct channel). The direct channel would
involve dissociation via three photons and lead to production of both high-
and low-lying atomic states, whereas the sequential dissociation process,
which is susceptible to collisional relaxation, would involve only two
photons and therefore lead to production of only ground and low-lying
energy states. With only two photons involved in the sequential
dissociation, there would only be enough excess energy to produce Cr(I)
atoms in the ground and low-lying (~8,000 cm-1) states, and thus only these
state populations would decrease with added buffer gas, as observed.
Further support for this proposed two-channel mechanism was provided by
results of studies of the MPD behavior of a series of arene chromium
tricarbonyl complexes, which will be discussed in the next section.

Arene-Cr(CO)3 Complexes. As Joe Chaiken described in his

introductory chapter, a series of ligands with different densities of
vibrational states can be used to investigate the influence of intramolecular
energy redistribution (IER) on the dissociation process. They used REMPI
to explore the MPD behavior of a series of n-alkyl substituted arene
chromium tricarbonyl (ACT) complexes in the wavelength range of 369-
348 nm (7). Features associated with transitions originating from the a 7S3
ground state and a broad feature assigned to transitions originating from
b3F4 (33,113 cm-1), b 3H4 (35,871 cm-1) and b 3Hg (35,934 cm1) were

compared for several ACTs. They observed a decrease in the excited state
peak intensity relative to those of the ground state as ligand complexity
increased, which indicates that IER does play a role in the dissociation
process of these compounds. Although the metal-ligand bond energies are
the same for the methyl-, ethyl- and propylbenzene chromium tricarbonyl
complexes, the branching ratio between formation of ground state atoms
and excited state atoms depends on the n-alkyl chain length; the longer the
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alkyl chain, the higher the ratio of ground state population to excited state
population.

Tyndall et al. then investigated the MPD behavior of this series of
arene chromium tricarbonyl complexes at 248 nm (9), and showed that the
results were consistent with the two-channel mechanism they had proposed
for Cr(CO)¢ multiphoton dissociation. Again, they used atomic
fluorescence signal to obtain relative population information for the
spontaneously emitting states. As was the case for Cr(CO)g, all three ACTs
(benzene, toluene, and propylbenzene derivatives) showed a Boltzmann
population distribution of product energy states for the odd parity emitting
states. Also, the resultant temperature was roughly the same for all three
compounds, indicating that IER did not affect the dissociation process for
formation of these higher-energy product states. This result fit very nicely
with the fast, direct dissociation pathway proposed for Cr(CO)¢ for the
formation of these high-lying atomic states. Just as for Cr(CO)g, the
excited state emission was unaffected by added buffer gas pressures up to
about 25 Torr.

In contrast, the laser induced emission from the low-lying a 5S2 and
a D3 atomic product states decreased in intensity as the buffer gas pressure
was increased, just as was the case for Cr(CO)¢. The pressure studies
indicated that less than 5% of the a 5S, state population was due to the
direct process. Finally, they also observed that the amount of induced
emission from the low-lying states decreased relative to the uninduced
emission from the high-lying states as the ligand complexity increased; i.e.,
the a SD2/y 7P° intensity ratio, normalized to 1.00 for the toluene ACT
complex, decreased from 1.61 for benzene chromium tricarbonyl down to
0.60 for propylbenzene chromium tricarbonyl. Thus, the sequential
mechanism they proposed for the MPD of Cr(CO)g leading to low-lying
atomic product states was also consistent with the observed pressure-
dependence data for the ACTs, and the dependence on ligand complexity
could be explained by proposing that the fragmentation intermediate, which
was susceptible to collisional relaxation, was also susceptible to IER. As the
ligand complexity increases, the rate of IER should increase, resulting in
energy initially in electronic states localized predominantly on the metal
atom being redistributed throughout the molecule. The result would be less
excess energy in the metal atom, and therefore a decrease in the population
of the states probed by laser-induced fluorescence at around 8,000 cm-1.
This proposed mechanism could also explain the REMPI results on ACTs at
~360 nm, which showed the reverse trend, i.e., an increase in ground state
MPI signal relative to signal initiating from high-lying states as the ligand
complexity increased. As the IER rate increased, the excess energy, and
therefore the temperature, of the product via the sequential pathway would
decrease, resulting in more ground state population and thus a higher
ground/excited state population ratio (the populations of the high-lying
excited states, including the reference state, are assumed to be unaffected by
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ligand complexity because the direct pathway is too rapid to be influenced
by IER or collisions). The proposed two-channel 248 nm MPD mechanism
is illustrated in Figure 6.

Recent Results on the MPD of ACTs

We decided to test the MPD mechanism proposed by Tyndall and Jackson
by observing a wider range of non-emitting states to see if the results
conform to their mechanism. In particular, we wanted to see if the ground
state population would increase relative to the populations of the low-
energy excited states (~8,000 cm-1) as ligand complexity increased. It also
occured to us that, since all the low-lying atomic states were even parity
states, and all the high-lying states they monitored were odd parity states,
perhaps it was the difference in parity, not energy, that was important here.
To do this, we simply needed to add a second, tunable laser beam to the
experiment, so that we could use laser-induced flourescence to study
whatever state we wanted. Finally, we wanted to see if the mechanism
Tyndall et al. used to explain their Cr(CO)g and ACT MPD results at

248 nm would hold for other UV photolysis wavelengths as well. The
studies we have completed so far have all been done at 355 nm; studies at
266 nm will be underway shortly.

Experimental. Our current experimental set-up (see Figure 7) is similar
to that used by Steve Mitchell et al. in the visible MPD studies of Fe(CO)s
(11) and Cr(CO)¢ (12), and allows us to observe the relative population
behavior of the ground state and a number of non-emitting excited states,
which complements the population data obtained for several spontaneously
emitting states. The third harmonic (355 nm) of a pulsed Nd:YAG laser is
used to bring about photolysis as well as to pump a dye laser. The tunable
dye laser (470-530 nm) generates the probe beam used to excite product
metal atoms from a particular even parity electronic state into an emitting
state. The two beams are recombined, and their focii are spatially
overlapped using an adjustable beam expander; the probe beam arrives 1 to
2 ns after the photolysis beam. The beams are expanded before focusing
into the cell with a 100 mm focal length lens in order to minimize burning
at the entrance window. The UV MPD beam was either 1 or 2 mJ/pulse for
the measurements described below, with a 7-ns pulse duration. The dye
laser probe beam energy is about 0.5 mJ/pulse, which is enough to saturate
the LIF transitions.

The atomic emission (both induced and spontaneous) is collected and
then dispersed via a 0.6 meter monochromator. Since the actual atomic
emission linewidth is considerably narrower than the monochromator
bandwidth of 1.3 A, the peak heights could be used for the relative emission
intensity. The photomultiplier tube signal is sent to a boxcar integrator for
averaging. The boxcar window is set to a width of 200 ns, which is much
longer than the fluorescence lifetimes of the atomic states we studied.
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Figure 6. Mechanism proposed by G. Tyndall, C. Larson, and R.
Jackson for the 248 nm MPD of arene chromium tricarbonyl
complexes. (Adapted from ref. 9.)
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Figure 7. Schematic of the experimental apparatus currently used by
the authors to investigate the MPD of metal carbonyls.
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Thus, for the uninduced emissions, the total emission intensity of all
transitions originating from a particular state can be used as the relative
nascent excited state population of that state. A photodiode is used to
trigger the boxcar window. The averaged signal from the boxcar is then
sent to a microcomputer for storage.

Because of the small monochromator slit width and magnification due
to the collection optics, only light from a very short length of the photolysis
beam is collected. We observe significant differences in relative intensities
from different electronic states when signal is collected from the focal
region versus a few millimeters away from the laser focus; in fact, at the
laser energies we use, the fluorescence signal from the reference state is a
maximum about 6 mm on either side of the focus. In the experiments to be
described below, all measurements were made with the focusing lens moved
back so that the reference state signal was maximized; i.e., the emission
signal was collected from a small region about 6 mm in front of the focal
point of the photolysis beam. The laser fluence is estimated to be only
about 5 mJ/cm? for this loosely focused 1 mJ/pulse 355 nm photolysis
beam.

The toluene chromium tricarbonyl was purchased from Aldrich, and
the ethyl and propyl chromium tricarbonyls were synthesized according to
procedures described in the literature (21, 22). Each ACT sample is placed
in a separate vacuum cell because of the difficulty in completely cleaning
out the cell between compounds. During data collection, the cell pressure is
maintained at 200 milliTorr.

In order to make meaningful comparisons between relative intensities
of peaks associated with different ACTs, the laser powers and dye laser
wavelength are untouched until data is collected from all three cells; in fact,
a second set of data is collected as each cell is again rotated into position,
and the results of both measurements are averaged. Non-induced emission
from z 7P3°, which served as the reference state, is collected every time a
cell is rotated into position. Background spectra for induced emissions are
measured by blocking the dye laser; in all cases, the uninduced signal from
these very high-lying states is negligible compared to the intensity with the
dye beam present. That is, the nascent population of these high-energy
states is much smaller than the population produced via laser-induced
excitation from the lower states.

Table II gives transitions used in the LIF studies of the non-emitting
states. Atomic energy level data was obtained from Reference 23. Note
that a two photon excitation is used to monitor the ground state population.
Also, the z 7P3° reference state is probed via laser-induced fluorescence to
compare with results from spontaneous emission measurements of the same
state.

Results and Discussion. In the ion collection schemes used for REMPI,
ion signal from a fairly large region of space is collected, not just from the
focal point of the laser. Thus, population information from REMPI studies
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Table II. Transitions Used for LIF Probing of Cr(I)
Electronic State Population Distributions
State | Probed |Induced | Induced |Wavelength | Ending | Fluores-
Probed | State State | State | of Induced |State for| cence
Ener;y Enerfy Transition | Fluores- |Wavelength
cm’ cm” cence

a’S; 0 |e™D, |42258 | 47328 | z7P§ | 5298.0
asS, | 7593 | z5P§ | 26788 | 52099 | aSD, | 54114
aSGs | 20524 | ySF§ | 41225 | 48328 | aSD, | 30388
a5Gg | 20520 | ySFg | 41393 | 47899 | aSD, | 3019.8
asP; | 21841 | x5DY | 42909 | 47453 | aSD, | 2889.2
z7P§ | 23499 | e7D, | 42258 | 53316 | z7P§ | 5299.0

may pertain to a wide range of laser fluxes. In contast, the fluorescence
collection optics used in our studies limit collection of light to a very small
region; therefore, signal from an area of fairly uniform flux can be
collected. The fluorescence signal from every state we monitored reached
its maximum level not at the focal point of the photolysis laser, but rather
at least several millimeters on either side of the laser focus. This is
presumably because, up to this distance, the decrease in signal due to
decreased laser flux is more than offset by the increase in the number of
molecules irradiated. Furthermore, we observe that the position of
maximum fluorescence signal depends on the energy of the state being
probed; for the spontaneously emitting odd parity states, fluorescence from
higher energy excited states is maximized when the light is collected closer
to the focal point of the photolysis laser. This is very consistent with the
flux-dependent temperature behavior we observed in the MPD of Cr(CO)g;
the laser flux is much higher near the focal point, favoring pathways
requiring a larger number of photons and resulting in a higher average
product energy distribution.

A rough estimate of the electronic temperature of the Cr(I) product
distribution was calculated for each compound using non-induced emissions
from z 7P;°and z 5P;°, where we assumed all the high-lying, spontaneously
emitting states fit a Boltzmann population distribution as observed in
previous studies on Cr(CO)¢ at 359 nm (5) and on arene chromium
tricarbonyls at 248 nm (9). The resultant temperature, 1500 K at
1mJ/pulse photolysis, was about the same for each of the three ACTs just as
Tyndall et al. observed in their 248 nm study.
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While absolute state populations were not obtained, relative
populations could be compared from one compound to another by using the
z 7P3° state emission intensity for a reference. We looked for changes in
other emission intensities (both induced and non-induced) relative to this
one; i.e., we scaled the relative fluorescence intensity vs. wavelength plot
of each compound so that this reference peak was the same size, and we
looked for differences in the heights of the other peaks from one compound
to the next (see, for example, Figure 8). Tables III-V summarize the
dependences of the relative populations of various atomic states on the
ligand complexity; for Tables IV and V, all population ratios are
normalized with respect to the toluene complex, which is given a
normalized relative population of 1. The experiments were done at two
different UV intensities, 1 and 2 mJ/pulse.

Table III. Relative Population Data? from the Spontaneous
Emissions of Cr(z 7P°2,4) Produced in the MPD of a Series of
ACTs
State, MPD Toluene- Ethylbenzene- | Propylbenzene-

Energy Pulse Cr(CO);3 Cr(CO)3 Cr(CO)3

Energy |Rel. Pop. Rel. Pop. Rel. Pop.

z7P,° 1m] 1.01£.03 1.07+.04 0.99+.12
23,305 cm’!

2 mJ 1.03£.03 1.04+.04 1.06+.22

z7P4° 1mJ] 1.08+.05 1.05%.03 1.11£.15
23,498 cm’!

2 mJ 1.08+.05 1.03+.04 1.11+.11

a Populations are relative to the reference state, Cr(z 7P3°).

Table IV. Averaged Relative Population Data? for a Series of

ACTs
State, MPD Toluene- Ethylbenzene- | Propylbenzene-
Energy Pulse Cr(CO)3 Cr(CO)3 Cr(CO)3
E